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ABSTRACT
Following an inti'oduction on calixarene chemistiy and their metal-ion 
complexes including some of their applications, the aims of the work are described.
Thus, the first part of this thesis concerns the deteiinination of the standard 
enthalpies of solution, AgH®, of new lithium and sodium 1:1 electrolytes based on 
ethyl /?-^er^-butylcalix[4]ai'ene tetraethanoate containing vaiious anions in acetonitiile 
at 298.15 K. Using these data in conjunction with previously reported AsH° values for 
the free metal-ion salts and the ligand and standard enthalpies of complexation, AcH° 
of allcali-metal cations (LU mid Na^) and the calix[4]ai'ene ester in the same solvent, 
standard enthalpies of coordination, AcoordH° referred to the process in which the 
reactants and the product are in the solid stated were calculated. The anion effect on 
the coordination process was determined.
The second part of this thesis is related to an investigation on the solution 
properties of pyridinocalix[4]arenes and their metal-ion complexes. Transfer Gibbs 
energies of geometrical isomers of pyridinocalix[4]arenes from acetonitiile to varions 
solvents reflect that these ligands undergo selective solvation in the various solvents 
but these camiot be correlated with any single solvent property. The cornplexing 
ability of 5,11,17,23 - tetra - tert - butyl[25,26,27,28 - tetrakis (2-pyridyhnethyl) oxy]- 
calix[4]arene for metal cations was investigated by a variety of techniques. Thus 
NMR studies were performed to obtain information about the active sites of the 
ligand in its interaction with metal cations. Conductance measurements were used to 
establish the composition of the metal-ion complexes in dipolar* aprotic media. 
Potentiometric and calorimeti*ic measurements were performed to derive the 
thermodynamics associated with the complexation process in acetonitiile and 
benzonitrile. Based on stability constant data, two metal-ion complexes were isolated.
The crystal structure of the sodium and acetonitiile complex of 5,11,17,23- 
tetra- tert- butyl[25,26,27,28 - tetrakis (2-pyiidylmethyl)oxy] calix[4]arene solved by 
X-ray diffraction studies shows tluee different complexes in the lattice, two sited on a 
fourfold axis and a third one on a twofold axis where all ligands exhibit a ‘cone’ 
conformation and the sodium ion is encapsulated in their hydrophilic pockets with 
their hydrophobic cavities filled with an acetonitrile molecule.
The crystal structme of the 1:1 monoacetonitiile and silver complex of the 
2 -pyridyl derivative with the perchlorate ion as the counter ion shows the macrocycle 
sited on a fourfold symmetry axis. The presence of acetonitiile in the hydrophobic 
cavity of the ligand is also found. The silver cation is encapsulated in the hydrophilic 
cavity through the ethereal oxygens and the pyridinic nitrogens.
Conclusions and suggestions for further research in this ar ea are given.
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CHAPTER I INTRODUCTION
I. Introduction
This thesis concerns various aspects of calixarene chemistry and their metal- 
ion complexes. Therefore, the following section outlines some of the main features of 
these macro cyclic compounds.
1. Calixarenes
Calixarenes^ are synthetic macrocycles having phenolic residues in a cyclic 
array linlced by methylene bridges in ortho positions with respect to the hydroxyl 
gr oups as shown in Fig. 1.1.
OH
n = 4, 5, 6 , 7, 8 , etc
Fig. 1.1 Structure of parent calix[n]arenes
These cyclic oligomers, which belong to the class of (In) metacyclophanes, 
may be obtained by the base induced condensation of ^ -^substituted phenol and 
formaldehyde.  ^ They are also known as phenol derived calixarenes to differentiate 
them from the macro cycles resulting from the condensation of resorcmol and 
aldehydes in acidic media called resorcinol derived calixarenes, resorcicalixarenes or 
resorcinarenes.^ Fig. 1.2 shows the structure of the resorcin[4] arene.
The procedure used for the synthesis of j^-rgzY-butylcalix[4] arene was first 
published in 1941 by Zinlce and Ziegler"  ^ although the identification of the product 
was established in 1981 by Gutsche and co-workers.^ This procediue has been also 
used for the preparation of other p-alkylcalix[4]arenes. hi all cases the jo-alkyl gioup
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is highly branched at the position adjacent to the phenyl ring. Representative 
examples are the /?-^err-pentylphenol and the j?-(l, 1,3-3-tetramethylbntyl) 
calix[4]arene synthesised by Foina et al.^
OH OH
Me Me
OH OH
OH OHMe Me
OH OH
Fig. 1.2 Structure of resorciii [4] arene
As far as the cyclic hexamer is concerned this was first reported by Gutsche 
et al^ These authors prepared j9-^err-hutylcalix[6]arene from the condensation 
reaction between p-rerr-butylphenol and parafoimaldehyde using rubidium hydroxide 
RbOH as the base. Other ^-substituted calix[6 ] arenes such as p-phenyf and 
j9-isopropyl calix[6] arenes have been reported.^
The synthesis of the /?-^er^-butylcalix[8]arene was first patented by chemists 
of the Petrolite Corporation at St. Louis and therefore it is refened to as the Fetrolite 
Proceduie.^ Again Gutsche^ intioduced this compound into the chemical literature. 
This compoimd was prepared from /?-^er^-butylphenol and parafoimaldehyde using 
NaOH (-10 mol din'^). Other bases such as KOH, RbOH, CsOH can be used and the 
results obtained are approximately the same as those found for NaOH. However, the 
use of Li OH leads to low yields. Other parent calix [njaienes (n = 5, 7) have also been 
synthesised. '^^
These macrocycles have been named by Gutsche^ as calixarenes to describe 
the cavity of the tetramer, which resembles the shape of a “calix” derived from the 
Greek word “c/îcn/zce”. On the grounds that these macrocycles derive their names fr om
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a Greek vase, and since vases normally stand upright on their bases, their structiues 
should be depicted with the aromatic carbon between the methylene bridges pointing 
downwards, and the para-carbon pointing upwaids. The lower face of the cyclic 
tetramer is thus referred to as the “lower rim” whereas the face canying the 
para-substituents is designated as the “upper rim” (Fig. 1.3).
Upper rim
OHHOIOH
”Lower rim ”
Fig. 1.3 Molecular basket ofp-ter/-butylcalix[4] arene
Since “upside-down” representations are also used, it has been suggested that 
the upper and the lower rim might be refeiTed to as “wide rim” and “narrow rim” 
respectively.
The name of calixarenes has been extended to all the cyclic oligomers 
derived from phenol or resorcinol, even when they do not adopt the ‘cone’ 
conformation. A more specific denomination for a calixarene^ includes a bracketed 
number inserted between the prefixes “calix” and “arene” specifying the number of 
phenolic units that fonn the macrocycle. The name also is preceded by an indication 
of the position and the identity of the substituents on the aromatic ring.
Thus, the macrocycles derived from p-rer^-butylphenol and foiinaldehyde 
containing foiu, six, or eight phenolic residues are named p-?erPbutylcalix[4]arene, p- 
ter^-butylcalix[6 ]arene and p-fer^-butylcalix[8]arene respectively. For an accinate 
specification of the compoimds, the substituent positions ai'e designated by
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appropriate numbers. Thus Fig. 1.4 shows the stmcture and the numhering of a 
calix[4]arene which is designated as 25, 26, 27, 28-tetrahydioxycalix[4]arene.
23
OH
OH
Fig. 1.4 Structure and numbering of ealix[4] arene: 25,26,27,28-tetrahydroxy- 
calix[4] arene
A more detailed account on the synthesis of these compounds is now given.
1.1. Synthesis of Calixarenes
The reaction between phenol and aldehydes was initially studied by Baeyer 
in 1872^  ^who obtained products which could not be identified. It was only in 1944 
when Zinke and Ziegler^ ^  could assign a tetrameric cyclic structure to the products 
resulting from the condensation of p-^er^-butylphenol and formaldehyde. More 
recently, studies canied out by Gutsche^ led to a deeper knowledge of the 
condensation process between phenol and fomialdehyde mider basic conditions, 
providing appropriate methods for the synthesis of calixaienes.
One of these teclniiques, refeiTed as the “Modified Zinlce-Coiiiforth 
Procedure"is  based on the reaction between j^-rerf^-butylphenol and a formaldehyde 
solution (37%) catalysed by an arnormt of sodimn hydroxide that corr esponds to 4% 
of the nmnber of moles of phenol. The heating of the mixture in diphenyl ether at 
110-120 °C for 2 horns followed by cooling and treatment with ethyl acetate led to the
CHAPTER I  INTRODUCTION
foraiation of a precipitate called the “precursor”, which after recrystallisation from 
toluene afforded pme jt?-z‘er^-butylcalix[4] arene with melting point between 
342 _ 344 °C}^
On the other hand, when potassium hydroxide was used (the number of 
moles involved were 34% of that of phenol - Modified Petrolite Procedure)^'^ a 
product was formed, which was subsequently treated with xylene, to give p-tert- 
butylcalix[6]arene in an 85% yield. Recrystallisation of the latter fr’om chloroform- 
acetone afforded the pure compound with a melting point of 3 80-3 81
For the method called “Standard Petrolite Procedure”, the reaction between 
formaldehyde and /j-^ert-butylphenol was carried out in xylene in the presence of 
sodimn hydroxide (3% of the rrmnber of moles of phenol). The mixture was refluxed 
and stÜTed during 4 horns to afford a product which was recrystallised from 
chloroform to give ^-^er^butylcalix[8]arene (65% yield) with a melting point of 
411-412 °C.'^
The described procedmes are very useful for preparing the cyclic tetramer, 
hexamer and octarner in sigrrificant amounts. However, less readily accessible are 
those macrocycles havirrg arr odd number of phenolic mrits. A mixtme of products 
(23% of j9-^gr^-butylcalix[4]arene, 5% of the cyclic pentamer, and 11% of the cyclic 
octamer) was obtained by heating p-fer?-butylphenol and formaldehyde in teti alin and 
using sodimn ^gr^-butoxide as the catalyst. A modification of the Petrolite procedine 
which consisted in replacing xylerre by dioxane as the solvent led to Nakamoto and 
Ishida^^ to obtain a mixtme of the hexamer and the octamer together with 6% of the 
heptamer. However, the yield of the latter could be raised up to 20% by employing 
one equivaleirt of sodium hydroxide per phenolic group.^^
Hayes and Hmrter^  ^described a stepwise syirthesis of calixar'enes, which was 
later extended by Hammerer and Happel.^ fir the reaction, the ortho positions of the 
phenol were protected by halogénation. This step was followed by hydrometliylation 
and condensation of the product with an excess of a jo-substituted phenol, leading to a
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linear oligomer. The condensation of this oligomer (monohydroxymethylated) is 
produced by elimination of the halogen with hydi'ogenation in acetic acid as the 
reaction medium. This sequence is described in the Sheme 1.5.
HCHO
O H
R R R R
H+ rrS 1^  high dilution
1 n 1 n-2 T^  O H  ^ O H O H O H
Scheme 1.5 Stepwise synthesis of eahx[4]arenes 19
This stepwise synthetic approach not only allows to obtain calixarenes of 
determined ring size but it makes accessible compounds with different substituents in 
the para positions. A disadvantage of this stepwise process is, however, the long 
reaction sequence. Although the yield of each step is relatively high (45% - 96%), tlie 
whole synthesis leads to overall low yields.
Gutsche^® has reported a shorter way for the synthesis of calixarenes (Sheme 
1.6). The method involves the alkaline condensation of a/i-substituted phenol (1) with 
fomialdehyde leading to a linear dimer (2), due to the foimation of bis- 
(hydroxymethyl) dimer (2), which is catalysed by an acid. Arylation leads to tlie 
linear tetramer (3). Selective hydioxymethylation gives the monohydroxymethyl 
tetramer (4) and finally, catalysis by bromide acid of this tetramer leads to the 
cyclization of the calixarene (5) as shown in the Sheme 1.6.
Another possibility for the synthesis of calixarenes is the “fi-agment 
condensation method” which involves the reaction between two different species in 
the cyclization step.^  ^ As an example, the preparation of the cyclic tetramer can be
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carried out by (a) cyclization of the appropriate trimer with 2,6-dibromo-4- 
methylphenol or (b) the reaction of a suitable dimer with a ôz^-bromomethylated 
dimer as shown in the Sheme 1.7.
OH
HCHO
OH
OH
H+
(Tn fil
R kJ R(fS (tS (rSA^
OH OH OH OH
3
HCHOO H -
OH
OH OH OHOH
Sheme 1.6 Synthesis of calixarenes by No and Gutsche method.
OH OH OH OH
Br
-2HBr
OH
OH HO-
OH
-2HBrOH OH OHOH
Br Br
Sheme 1.7 Convergent stepwise synthesis using Bohmer method.
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A  modification of this method, which is cuiTently prefeiTed, involves the 
TiCU induced condensation reaction using dioxane as solvent. It has been suggested 
that TiCU not only acts as a catalyst but also as a template.^^’^  ^X-Ray studies seem to 
indicate the preorientation of tluee of the phenolic miits linked tln ough their oxygens 
to the titanium atom.^ "^ ’ ^
1.2 Characterisation of parent calixarenes
1.2.1 Physical properties of calixarenes
1.2.1.1 Melting Points.
A chaiucteristic featiue of parent calixarenes is their imusually high melting 
points. Thus, jt?-^er^-butylcalix[4]ai*ene, for instance, melts at aroimd 342-344 
whereas higher melting points are found for the cyclic hexamer (372- 374 °C) and the 
cyclic octamer (418 -  420 These are likely to be attributed to the extensive
hydrogen bond foimation between the lower rim phenolic gi'oups, which increases 
fi'om the cyclic tetramer to the octamer.
For calixarene derivatives such as tetramethyl (226-228 °C)^  ^and tetrabenzyl 
ethers (230-231 where there is not a possibility of hydrogen bond foimation at 
the lower rim, significant drops in their melting points aie observed. However, it 
should be emphasised that derivatization not always leads to a decrease in the melting 
point of these derivatives. A representative example is that for p-tert~ 
butylcalix[4]arene trimethylsilyl ether whose melting point is aiound 411-412 °C.
1.2.1.2 Solubility.
Parent calixarenes are quite insoluble in water and show low solubility in 
non-aqueous solvents. This is a Imiitation as far as their pmification, identification 
and complexation studies are concerned, although in many cases then solubility in
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organic solvents is enough for spectroscopic studies. Danil de Namor and co- 
workers^^’^® have extensively reported solubility data for parents and hmctionalised 
calixaienes in a variety of solvents. Some representative data for parent calixarene aie 
shown in Table 1.1.
Table 1.1. Solubility data of /;-^er^-butylcalix[ii]arenes (n= 4, 8 ) in different 
solvents at 298.15 K
Solvent^ j?-^gr -^butyl-calix[4] arene (mol dm' )^
utyl-calix [8] arene 
(mol dm^)
MeOH 5.90 X 10'" <10 '^
EtOH 3.30 X 10'" <10 "^
MeCN 4.73 X 10'^ 1.68 X 10*^
n-Hex 2.12 X 10'" 2.51 X 10'^
CHCI3 4.34 X 10'^ 6.23 xl 0'^
DMF 1.10 X 10'^ 2 .2 0  X 10 '^
PhCN 9.47 xlO-" 1.14 X 10'^
PI1NO2 1.83 xlO'^ 2.57 X 10'^
‘‘Abbreviation for solvents: metlianol: MeOH; ethanol; EtOH; acetonitrile: MeCN; n-hexane: n-Hex; 
clilorofomi: CHCb; N,N-dimethylformaniide: DMF; benzonitrile: PhCN; nitrobenzene:PliN02-
1.2.2 Stereochemical properties of calixarenes
and NMR studies in solution and X-ray crystallographic studies 
provide useful information about the confoimational properties of calixarenes in 
solution and in the solid state respectively.
The confoimational behaviour of “up-down” forms of calix[4]arene was 
investigated by Coiiiforth and co-workers.^ ^ These were named by Gutsche and co- 
workers^ as “cone”, “partial cone”, “1,2 -altemate”, and “1,3-altemate” with the aryl 
groups projecting upward (u) or downward (d) with respect to an average plane 
defined by the methylene bridges^ as shown in Fig. 1.8.
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5H
OHOH
OH
O H
OH
HO
OH
HO OH
OH
OH
Cone Partial Cone 1-3 Alternate 1-2 Alternate
Fig. 1.8 Coiiformers of/?-^er^-butyIcalix[4] arene. 1,32
These different confomiations are distinguished by their NMR
chai'acteristics as shown in Table 1.2.
Table 1.2 H NMR spectral patterns for the CH2 protons of the various 
conformations of calix[4]arenes^^
Conformation H NMR pattern
Cone One pair of doublets (J = 12 Hz)
Partial cone Two pairs of doublets (J = 12 Hz) (ratio 1:1) or one pair of doublets (J = 12 Hz) and one singlet (ratio 1:1)
1,2 -Alternate One singlet and two doublets (J = 12 Hz) (ratio 1:1)
1,3-Alternate One singlet
As the number of rings increases, the number of possible confoimational 
structures also increases. Thus, whereas calix[5]arenes may adopt only four “up- 
down” confoiinations^^’^ '^^ ,^ similar to those shown in Fig. 1.9 for calix[4] arenes, the 
cyclic hexamer can exist in eight “up-down” confomiations^^’^  ^ (Fig. 1.9) whereas
10
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/?-^er^-calix[8]arene may have sixteen “up-down” confonnations.^^’^"^ In addition, the 
aryl groups can also project outwards (“o”) and this possibility increases with the 
ligand flexibility. The most accepted pictorial depiction of calixarene confomiation in 
the solid state has been derived from X-ray crystallogi apliic studies. In the case of 
calix[4]arenes, these provide evidence that these ligands exist in a “cone” 
confomiation as a consequence of the strong intranioleculai- hydrogen bonding formed 
between the lower rim hydroxyl groups.
Regarding the stability of the confomiers, the lower energy fonn for p-tert- 
butylcalix[n]arenes (n = 4, 5) have been shown to be the “cone” conformation.^^ All 
the lower energy confomiers have their neighbouiing hydroxyl groups linlced by 
hydrogen bonds. In the less stable conformational stractures, on the other hand, the 
hydroxyl bonds are longer. Studies on p-^er^-butylcalix[6 ]arene in the crystalline state 
have shown that the cyclic hexamer assumes a shape which Gutsche^^ has called 
“winged” confonnation. The X-ray stmcture of p-ter^-butylcalix[8]arone shows the 
eight hydroxyl groups placed in a spherical arrangement joined by circular hydrogen 
bonding. This has been refeiTed as “pleated loop” confomiation.^^
1.2.3 Spectroscopic Studies.
1.2.3.1 IR spectra
It is interesting to note that calixarenes show frequencies of stretching 
vibrations for hydroxyl groups, which are unusually low. The fr equency values ( V q h )  
go from ca, 3150 ciiT^  for the cyclic tetraniers to ca. 3500 cm'  ^ for the cyclic 
pentamers as the extreme cases.
This characteristic has been assigned to a circular hydrogen bonding 
aiTangement resulting fr om strong intramolecular interactions between the lower rim 
hydroxyl groups.^^ The strength of intramolecular hydrogen bonding follows the 
sequence,"^  ^ Calix[4] > Calix[6 ] > Calix[8]. However j5-2:er?-calix[5]arene shows a 
more open cone confomiation than the cyclic tetramer.
11
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Cone Partial Cone 1,2-Anti
1,3 -Anti 1,4-Anti 1,2,3-Alternate
1 ,2 ,4-Alternate 1,3,4-Alternate 1,3,5-Alternate
Mirror
Fig. 1.9 Representation of conformers of/»-^ert-butylcalix[6 ] arene
All interrupted “pleated cone” confomiation when conipaied with p-tert- 
butylcalix[8]ai*ene is fomid for the cyclic heptanier.^^
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These confomiatioiial changes result from the increment of aryl imits in the 
calix stnictui'e which makes the molecule more flexible and leads to weaker 
intramolecular hydrogen bonding. It can also be observed that the change in shape 
caused by the presence of transamiular bridges between the />-positions in calixarenes, 
restricts the circular interaction altering their stretching frequencies, which decrease 
with increasing the length of the bridge.'^
1.2.3.2 UV spectra.
The ultraviolet spectra of calixarenes show a pair of maximum absorptions 
around 280 and 288 imi respectively. The ratio of the intensity at these wavelengths 
depends on the ring size, ranging from 1.3 for the cyclic tetiamer to 0.75 for 
calixarenes containing eight phenolic units Table 1.3 lists values of the ratio of 
the intensity at the two wavelengths in function of the ring size.
Table 1.3 Absortivities (Smax? mol dm‘^  cm' )^ of calix [n] area es in two solvents at 
280 and 288 nm.
O H O H
Riand Ri Ring size 2^80±l iiin 2^88±liun Solvent Ref.
Ri=R2 = ^butyl 4 9,800 7,700 Chlorofoiin 9
Ri=R2 = methyl 4 10,500 g^ WO Dioxane 35
Ri=methyl;
R2= -^butyl 5 14,030 14,380 Dioxane 44
Ri=metliyl:
R2= -^butyl 6 17,210 17,600 Dioxane 44
Ri=R2= -^butyl 7 18,200 20,900 Chlorofonn 9
Ri=methyl;
R2=?-butyl 7 19,800 20,900 Dioxane 44
Ri=R2= -^buty/ 8 23,100 32,000 Chlorofonn 9
13
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1.2.3.3 NMR Spectra
The NMR spectra of calixarenes are normally very simple. Thus, the 
NMR spectrum of ethyl /?-rer^-biitylcalix[4]arene tetraethanoate in its “cone” 
conformation (Fig. 1.10) shows each of the resonances corresponding to the aromatic, 
hydroxylic and tert-hvAyX groups as single signals, whereas the methylene bridge 
protons give rise to a pair of doublets.^^ The NMR (Fig. 1.11) is similarly 
uncomplicated displaying a pattern of four singlets for the aromatic carbon atoms, two 
signals due to the methylene and quaternary carbons respectively, and a singlet for the 
methyl carbons of the re/Y-butyl gioups.^^
J Ü
Fig. 1.10 The NMR spectrum of ethyl /;-t^/y-butylcaIix[4]arene
tetraethanoate in CDCI3 at 298.15 K
I %
A *LÎÎJflî,»iOU 
M«i* i r .J î
r t
1 I 1
I 9ff I S A  i > e  u e  XM M S  u *  w i  x \ t  t o a  9 3  s a  i t
Fig. 1.11 The NMR spectrum of ethyl /;-^^/y-but)'lcallx[4]arene
tetraethanoate in CDCI3 at 298.15 K
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The strength of the intramolecular hydrogen bonds^^ in the parent calixarenes 
appears to be directly coirelated with the position of the hydr oxyl proton resonance. A 
valuable information about the conformation of calixarenes is provided by the region 
of the NMR spectra which includes the bridging methylene protons resonance (3.5-
4.5 ppm).^^ For calix[n]arenes (n = 4, 5) in deiiterated chloroform solution at low 
temperatiu'es, the methylene protons give rise to a pair of doublets for each ligand 
indicating the presence of non-equivalent hydrogens.
At high temperatur es, when the rate of conformational interconversion is fast 
on the NMR time scale, the pair of doublets converges into a singlet^ '^"^ '^'^  ^ At low 
temperatur'e, the calix[6 ]arenes resonance spectrum in the same solvent displays three 
pairs of doublets due to the bridge methylene protons, indicating less symmetrical 
conformation than that for the tetr amer, the pentamer and the octamer.
Conformational identification of calix[4]arenes can be obtained from 
interpretation of the NMR signals position due to the bridging methylene carbons. 
De Mendoza and coworkers*^  ^have shown that the signal of the bridging methylene 
carbon atoms linlced to the aromatic rings with syn orientation appears at ca. 31 
ppm"^ ,^ whereas for the anti orientation the resonance shows near 37 ppm. Similar* 5 
values have been found for the cyclic pentamer^® and hexamer^^ in CDCI3 at 
298.15 K.
1.3 Synthesis of functionalised calixarenes
The versatile character of calixarenes is mainly attributed to the possibility of 
introducing lower and upper rim substituents. In addition, selective fimctionalisation 
can be achieved by suitable choice of reagents and conditions.^^ The literature also 
provides examples of calixarenes bridged across the lower and/or the upper rim and 
coupling reactions between two or even three calixarene units have been reported. 
Other reactions involve polymerisation, replacement of phenolic OH groups and 
oxidation reac t ions .The  following is an account of the various reactions involving 
calixarenes which are described rmder various headings.
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i) Lower rim functionalisation
ii) Upper rim fimctionalisation
iii) Selective functionalisation
iv) Coupling and bridging reactions
v) Incoi'poration of calixarenes into polymers
vi) Replacement of OH gi'oups
vii) Oxidation reactions
i) Lower Rim Functionalisation.
Several functional groups have been attached to the lower rim via ether and 
ester formation. The scheme shown in Fig. 1.12 gives the approach conmionly used 
for the synthesis of several derivatives such as esters, acids, amides, thioamides and 
k e t o n e s . ^ T h e s e  are obtained Rom reacting parent calixaienes with a-halo- 
carbonyl compounds as shown below
R
OH OH
n = 4, 5, 6
Ri
OH
OR
NH2
NHR
R2
Oo
O or S (amide or thioamide) 
O or S (amide or thioamide)
Fig. 1.12 Lower rim calix[n] arena derivatives
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The use of 18-crown-6 as phase transfer catalyst for the synthesis of calixarene 
esters have been discussed by Danil de Namor and co-workers/^ The synthetic 
procedure is described below,
OH
O
M eC N
1
n = 4, 6 ,
Fig. 1.13 Synthesis of calixarene esters by Danil de Namor and co-workers.^^
The advantages found in the use of 18-crown-6 for the synthesis of 
calixarene esters are,
a) The alkylating agent is used in equivalent quantities with respect to the
phenolic units of the parent calixar enes.
b) A clrroinatographic separation is not required.
c) The yield is considerably higher than those previously reported.
d) The refluxing period is much shorter.
Other lower rim calixarene derivatives, which have drawn particular 
attention in recent years, are those containing amino groups. Thus, calixar*ene 
derivatives containing pyridino pendant groups were reported almost simultaneously 
by Bottino et al.^^ and by Shinlcai et The fonner authors conducted this work 
with the aim of extending the chemistry of calix[4]ar*enes to transition metal cations 
while the main objective of Shinkai et a l was to explore the use of these ligands as 
extracting agents for metal cations (alkali, copper (II), uranyl (II) and silver cations) 
in two phase systems, hi recent year s, a great deal of investigations on the synthesis, 
the structure and the extracting properties of pyiidinocalix[4]arenes has been carried
17
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out by Pappalardo's gi'oup.^^ "^^  It was demonstrated that the conformation adopted by 
these compounds is strongly dependent on the nature of the base used m the synthesis 
of these ligands. It is now well established that the reaction between p-tert- 
butylcalix[4]arene with 2-chloromethylpyridine hydrochloride in the presence of 
sodium hydride leads to the formation of 5,ll,l'7,23-tetr*a-^er^-butyl[25,26,27,28- 
?erra/d.y(2-pyridylniethyl)oxy] calix[4]arene in its cone conformation as shown below.
HCI
Cl N aH
T H F/D M F
O
Fig. 1.14 Synthesis of 5,11,17,23- tetra- tert- butyl [25,26,27,28- tetmkis 
(2-pyridyl methyl)oxy] calix [4] arena
More recently, Danil de Namor and coworkers^^ reported the synthesis of 
;?-^e/d-calix[4] arenes (n = 4, 6 ,8) containing aliphatic (L1-L3) and alicyclic (L4-L6) 
amines as pendant arms (Fig. 1.15) with the aim of designing ligands which are able 
to interact selectively with heavy metal cations such as mercury (II), lead (II) and 
cadmium (II) while cations such as N a \ and Ba^  ^are discrhninated against. The 
synthetic route for tlie preparation of calixarene amino derivatives is shown below 
(Fig. 1.16). An advantage of these ligands with respect to others previously 
synthesised is that in their protonated form they can serwe as efficient anion binders. 
Fruthermore, these can be easily recycled via a pH switching mechanism.
Calixarene derivatives containing soft donor atoms at the lower rim have 
been synthesised by Ting et Cobben et Beer et al?^^ O’Conner et alP , 
Gibbs and Gutsche '^ ,^ Malinowska et alJ^, Wroblewski et al.^^ and Sone et a lP . 
These ar e shown in Fig. 1.17
18
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O
LI L2
O
L3
L4 L5 L6
Fig. 1.15 Aliphatic and alicyclic p-te/’^ -butylcalix[4]arene amino derivatives.
NaHR . HCI THF/DMF
—N
Fig. 1.16 Synthetic route for the preparation of />-ter^-butylcalix[4]arene 
amino derivatives.
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Fig. 1.17 Lower rim calix[ii] arenes with soft donor atoms.
Lower rim p-^er^-butylcalix[4]arene derivatives containing tetrathiophene 
fimctional gi'oups as well as derivatives with two different pendant arms alternately 
arranged, one of which is m all cases a methylsulphanyl substituent while the other is 
either a tertiary amine (aliphatic or alicyclic), a methylthiophene or an amide 
substituents (Fig. 1.18), have been prepared by Danil de Namor and co-workers.^^
Having described some of the lower rim fimctionalised calixarenes, in the 
following section, upper rim functionalisation of these macrocycles is presented.
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SCH,
R
Oo-N(CH3)2
-N(CH2CH3)2
-N(Pr%
—  p
S.
SCH,
O
R =
R =  H
Fig. 1.18 Lower rim />-re;t-butylcalix[4]arene derivatives with two different 
pendant arms
ii) Upper rim functionalisation
Easy removal of the p-?err-biityl gi'oups attached to the phenyl groups in 
calix[n]arenes (n = 4, 6 , 8) has allowed the synthesis of upper rim derivatives. Thus, 
treatment of the parent compound with AICI3 leads to the corresponding calixarene in 
which the ^-butyl gi'oups have been replaced by hydrogen a t o m s . W i t h  the use of a 
wide variety of procedures, upper rim fimctionalised derivatives have been 
synthesised. These procedure include (i) electi'ophilic substitution (bromination,^^' 
iodination,^^ nitration,^^’^ '^  sulphonation,^^ chlorosulphonation,^^ a c y l a t i o n , etc.). 
A few examples are shown in Fig. 1.19, (ii) Claisen rearrangement of 0-allyl to p- 
alkylcalixarenes. This is followed by transformation of the allyl groups."^ ’^ (iii) 
Mamiich reactions involving dialkylamines followed by treatment with 
nucleophiles. '^^’
Generally speaking about twenty different substituents have been incorporated 
in the upper rim of parent calixarenes.
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OH
NO.
HNO3 Nitration
CH3COOH / C-H,
AICI3
Sulphonation50 - 550C 
Toluene
OHOH
SOgCI
Chiorosulphonation
OH
Fig. 1.19 Upper rim calix[njarene derivatives, 
iii) Selective functionalisation
The selective fimctionalisation of lower rim calixarenes can be carried out 
imder suitable choice of reagents and conditions. Conversion of the cyclic tetramer to 
mono, di and tiiesters can be earned out without problems. With the larger 
calixarenes much more difficulties are encountered.^^
Danil de Namor and co-workers^*  ^in a recent paper have emphasised the need 
of exploring the use of phase transfer catalysis for stepwise functionalisation of parent 
calixarenes by using equivalent quantities of base and alkylating agent for their 
prepar ation. As far as upper rim calixarenes are concerned, there are several examples 
of selective functionalisation in the literature. A representative one is the synthesis of 
p-diaminocarbomethoxy calix[4]arene.^^
iv) Coupling and bridging reactions
Coupling and bridging reactions involving calixarenes have been reported by 
several workers. Examples of lower rim bridging calixarenes^^ as well as coupling 
reactions^ ^ are those shown in Fig. 1,20
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OMo
OMo
ÇH,CHj
,OMe M«0, 
OR
Mo‘
Mo
OMo OMo
Of, : OKU
MoO f O " '
OMoOMo OMo
Calixspherand 
(Lower Rim Bridging)
Coupling Reaction 
(Upper Rim Coupling)
Fig. 1.20 Lower rim bridging calixarenes and coupling reactions,
v) Polymerisation Reactions
Calixarenes have been incorporated into the structure of polymers in several 
ways.^^ Particularly interesting is the use of lower rim calixarene derivatives as anchor 
groups in polymeric matrices tlnough the upper rim prior removal of the p-te/i-hutyl 
groups. In this way the functional groups at the lower rim are not disturbed for metal 
cation complexation processes.^^’ '^*
vi) Replacement of OH groups
Biali and co-workers^^'^^ have extensively reported investigations carried out 
in which several phenolic gi'oups in the stmcture of calixarenes have been replaced by 
hydrogen atoms. However, the replacement of hydroxyl groups by thiol gi'oups to 
give thiocalixarenes was the outcome of the research efforts of Gutsche and co-
workers.^"  ^Other contributions in this area are due to the work of Shinkai et a l and100
Biali and co-workersmainly  in replacing one or two phenolic groups by NH2 
groups.
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vii) Oxidation Reactions
The conversion of tlie methylene bridge to carbonyl groups has been 
achieved by the use of cliroiniiun r e a g e n t s / A  multistep procedure was initially 
used to produce ring oxidation leading to the synthesis of calix[4]tetraquinones
(Fig 1 .2 1 )/®  ^ However by the action of CIO2 on calix[4]aiene or Tl(OCOCF3)3 on 
j9-^g;Y-butylcalix[4] arene, these derivatives can be obtained in a single step 
procedure/^'^ Calix[n]quinones (n = 5, 6) have also been synthesised by the use of
CIO2.105
o
Fig. 1.21
n
a) 4
b) 5
c) 6
Calix[4]tetraquinone derivatives
1.4 Complexation studies involving calixarenes and their
derivatives
hi a recent chemical review on the thennodynamics of calixarene chemistry, 
Danil de Namor and co-workers^have discussed the complexation of calixarenes 
and their derivatives under the following headings,
i) Interaction of parent calixarenes with neutral and cation (organic and metal)
species.
24
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ii) Complexation of lower rim calixarenes with cations (organic and metal
cations and the proton) and neutral species. Calixcrowns were included rmder 
this heading.
iii) Complexation of upper rim calixarenes with cations and neutral species.
iv) Anion complexation.
The work involved in this thesis is mamly concerned with the interaction of 
lower rim fimctionalised calixarenes with cations and therefore an accoimt on the 
research caiiied out in this ar ea is now given.
1.4.1 Complexation of lower rim functionalised calixarenes and
metal cations
As pointed out earlier, partial or total substitution of the phenolic hydrogens 
in the lower rim of parent calixarenes has led to the synthesis of a wide variety of 
derivatives such as the esters, amides, ketones, acids and amines which are able to 
complex with cations^ '^ "^ ’^^ ^^ '^ ^^
A distinctive property of these derivatives, in particular those derived from 
the cyclic tetr amer in its “cone” conformation is the presence of two cavities, one of 
which is hydrophobic and the other hydrophilic. Therefore, the derivatives of the 
cyclic tetramer are able to interact with neutral species thr'ough the hydrophobic 
cavity and with ionic species througli the hydrophilic cavity. Most of the work 
carried out with calixarene derivatives fimctionalised at the lower rim and metal 
cations has been in non-aqueous media given that these compounds are highly 
insoluble in water.
Thermodynamic data on complexation processes are mostly limited to 
stability constant measmernents and few enthalpy and entropy data for these systems 
are available m the literature. Thus for a 1:1 complexation process involving a metal 
cation, M"^ and ligand L, in a non-aqueous solvent (s) as shown in Eqn. 1.1,
25
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M"’"(s) + L(s) ML"*(s) (1.1)
the stability constant, Kg has been defined as,
IT _ _ [ML"] _ [ML"] 1121
' [M”"] Y™» [L] Yl [M""][L]
111 Eqn. 1.2, a, y±+ and y denote activity, mean molar activity (in the case of 
ionic species) and activity (neutral ligand) coefficients, respectively. The equality of 
these equations holds provided that the solutions are relatively dilute in which case 
yL = 1 and yMr"^  = yn" -^ As stated by Danil de Namor and co-workers ,Kg values 
aie referred to a standaid state for the reactants and the product of 1 mol dnf^ 
(arbitrary) where units are cancelled. From stability constant data, the standard Gibbs 
energy of complexation, AcG° can be calculated fiom the relationship,
AcG° = -RTlnKs (1.3)
In this equation, R is the gas imiversal constant and T is the absolute 
temperatiue in Kelvin. Enthalpy data, AcH°, have been determined by calorimetry for 
a few systems. The enti'opy of complexation, AcS°, has been calculated fi*om the 
relationship
AcG°=AcH°-TAcS° (1.4)
Table 1.4 lists stability constants and derived Gibbs energies, enthalpies and 
entropies of complexation of representative calixarene derivatives (la, ester; lb , 
ketone and Ic, amide) and alkali-metal cations in a variety of solvents; namely 
methanol (MeOH), acetonitrile (MeCN) and benzonitrile (PhCN) at 298.15 K. For 
calix[4] arene derivatives, the highest stability is found for Na^ . The pattern obseiwed 
is shown in Table 1.4.
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Table 1.4 Thermodynamic data for the complexation of calixarenes derivatives
and metal cations in various solvents at 298.15 K 106
la
o
o
lb
Ic
Cation Solvent LogKs AeG"kJ mol"^
AcH" 
kJ mol*
AeS"
JIC*mor*
la
Li+ MeOH 2.60 -14.84 5.05 66.7Li+ MeCN 6.20 -35.39 -48.78 -44.9L r PhCN 5.49 -31.34 -57.20 -86.7Na^ MeOH 5.00 -28.54 -45.60 -57.2Na^ MeCN 7.77 -44.36 -69.20 -83.3Na+ PhCN 7.57 -43.22 -50.70 -24.9K+ MeOH 2.40 -13.70 -14.22 -1.70
MeCN 4.04 -23.06 -45.75 -76.1PhCN 3.51 -20.04 -23.21 -10.6Rb^ MeOH 3.10 -17.70 - -MeCN 2.05 -11.70 -23.34 -39.0
Cs+ MeOH 2.70 -15.41 - -MeCN 2.80 -15.98 -11.48 15.1
lb
Li" MeOH 2.7 -15.41MeCN 5.8 -33.10Na" MeOH 5.1 -29.11
MeCN 5.6 -31.96K" MeOH 3.1 -17.70MeCN 4.4 -25.12Rb" MeOH 3.6 -20.55MeCN 1.7 -9.70Cs" MeOH 3.1 -17.70MeCN 3.7 -21.12
Ag" MeOH 4.7 -26.83MeCN 2.4 -13.70
Ic
Li" MeOH 4.1 -22.20 -7 50MeCN >8.5 >-48.4 -55 > -22Na" MeOH 7.9 -45.0 -50.6 -20MeCN >8.5 >-48.4 -79 > -103K" MeOH 5.8 -33.1 -42.4 -31MeCN >8.5 >-48.4 -64 > -52Rb" MeOH 3.8 -2169 - -MeOH 3.8 -21.6 -17.5 13.0
MeCN 5.7 -32.5 -37.2 -17Cs" MeOH 2.4 -13.70 - -MeOH 2.5 -14.0 -9.0 17.0MeCN 3.5 -19.9 -26 -20
Ag" MeOH 7.2 -41.10 - -MeCN 5.5 -31.40
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In general terms, for a given alkali-metal cation, the AcH° values becomes 
more negative (increase in entlialpic stability) in progi'essing from the calix[4]ai'ene 
ester to the amide (Ic) derivative. This may be attributed to an increase in the basicity 
of the carbonyl oxygens in moving from la  to Ic.
Since the thermodynamics of complexation of calixarene esters and alkali- 
metal cations has been the most widely investigated, these are the systems to be 
discussed. Thus data in Table 1.4 reflect that the binding process is enthalpically 
controlled with the exception of Li"^  and la  in methanol. Stability constants show that 
the most stable metal-ion complexes are formed in acetonitiile relative to benzonitrile 
and methanol.
There is no doubt fr om these data that significant differences are found in the 
complexation thermodynamics of these systems as a result of the solvent effect. Danil 
de Namor et al}^^ has extensively discussed the medium effect on the complexation 
process of a given imivalent cation, IVf^ , and a given ligand, L, in teims of the 
differences in solvation of the reactants and the product in two solvents (si and S2) as 
illustrated in Eqn. 1.5
AcP“ (S2) - Ac P" (si) = AtP“ (ML") (si->S2 ) - AtP° (M^ (si-^sz) - 4?° L (81^ 82) (1.5)
In this Eqn. P = G, H or S and AtP° is the notation used to indicate the 
tiansfer parameters of the metal-cation, the ligand and the metal-ion complex, from a 
reference solvent, si, to another solvent, S2. The use of Eqn. 1.5 to analyse the medium 
effect on the complexation process requires the determination of the coiTesponding 
thermodynamic parameters of solution, AgP° of the free and complex electrolytes and 
the ligand in the two solvents. These data are used to calculate the transfer parameters, 
AtP° of the reactants and the product fr om Si to S2 as detailed below,
A f " (L) (81^ 82) = AsP"* (L) (82) -  AsP° (L) (81) (1.6)
A,P“ (M+ + X ) (s i^ s j)  = AsP“ (M" +X-) (S 2) -  AsP° (M* + X ) (s,) (1.7)
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A,P° ( ML+ + X' ) (si->S2) = A;P° (ML+ + X‘) (S2) -  A;P° (ML* + X‘ ) (s,) (1.8)
111 the case of electrolytes where cation and anion contributions are involved, 
single-ion values can be calculated tlnmigh the use of the Ph4AsPli4B convention^ 
Thus,
AtP° CVT) (81-4 8^2) = AtP° (Mr +X1 (81^ 82) -  &P° (XT) (81-^ 82) (1.9)
AtP“ (ML* ) (s,^S 2) = A, P° (ML* + X' ) (s,-»S2) -  A,P° (X‘ ) (s,->S2) (1.10)
However Eqn. 1.5 is independent of any extra themiodynamic convention 
since the anion contribution is cancelled out.
The medium effect on the complexation of calixarene derivatives and metal 
cations has been mainly assessed in terms of enthalpy given that a great deal of 
ancillary information is required for the calculation of Gibbs energies. Danil de 
Namor and co-workers assessed the mediimi effect on the complexation of la  and Li'*’ 
and Na'*’ in acetonitrile and benzonitrile. Standard enthalpies of solution for the free 
and the complex lithiiun and the sodium salts and for la  in acetonitrile and in 
benzonitrile at 298.15 K are shown in Table 1.5. Also in this Table, their transfer 
enthalpies from MeCN (reference solvent) to PhCN are recorded.
Table 1.5 Standard enthalpies of solution and transfer of la, the free metal and 
the ion complex salts from acetonitrile to benzonitrile.
Data in kJ mol^
AsH”/
MeCN
\
PhCN
AtH®/MeCN->PhCN)
Li^ + CIOT -43.26 -27.32 15.94
Na^ + CIO4" -17.28 -10.42 6 .8 6
L f l a  + CIOT -9.17 -10.42 -1.25
Na^la + CIO4' -34.62 -12.70 21.92
la 22.67 14.03 -8.61
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From these data, the authors noted that (i) the sodium complex perchlorate is 
enthalpically more stable in acetonitrile than in benzonitiile, (ii) the solvation of the 
complexed sodium cation is greater than that of the free cation and (iii) dramatic 
changes are observed in the entlialpic stability of the ligand relative to that of the 
sodiiun complex, hi fact, the selective solvation of la  in benzonitrile relative to 
acetonitrile was foimd to be reversed for the sodimn complex. It was suggested that 
tliis could be attributed to the conformational changes that the ligand midergoes upon 
complexation with sodiiuii.
It was concluded that the increase in complexation enthalpy (more negative) 
(see Table 1.4) by 19 kJ riiof^ in acetonitrile than in benzonitrile was due to the higher 
erithalpic stability of the sodium complex salt in the former solvent relative to the later 
as shown in the AsH° values listed in Table 1.5. Danil de Namor et al}^^ reinforced 
this statement with the greater loss found in the complexation entr'opies for Na^ and 
la^ in MeCN (AcS° = -83.3 J K‘^  mof^) with respect to benzonitrile (AcS° = -24.9 J K'  ^
mol’^ ) (see Table 1.4)
Wlieri the same analysis was carried out for lithiiun and la , the data for this 
system contrast with those for sodium for the following reasons,
i) The dissolution of LiC104 in MeCN and PhCN is enthalpically more 
favoiuable (more negative) than that for the lithiiun complex salts in these solvents 
suggesting that the free cation salt is better solvated than the complex cation salt. 
This statement was based on the fact that the energy requirements to break the crystal 
lattice of LiC104 ar'e boiuid to be gr eater than those for the complex salt. Taking into 
account Eqn. 1.5 and data in Table 1.4 it follows that the AtH° value of the lithiiun 
complex salt is not dramatically different from that of the free ligand. As a result the 
differences observed in the AcH° values for Li^ and la  in MeCN relative to PhCN are 
gr'eatly influenced by the solvation changes that the free cation undergoes in these two 
solvents. This is cori'oborated by AcS° values for Li and la  in MeCN and PhCN (see 
Table 1.4) which show a gain in entropy upon complexation of la  and Li'*' in MeCN
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AcS° = -44.9 J IC^mor^ (see Table 1.4) relative to PhCN (-86.7 J mol'^). This 
entropy gain may be related to the greater desolvation of Li"** in MeCN.
Solution (Table 1.5) and complexation (Table 1.4) data were also used to 
calculate the enthalpies of coordination, AcoordH” refened to the process where the 
reactants and the product aie in their puie physical state (solid in this case) as shown 
in Eqn. 1.11
AcoordH" = AsH° (M" + X ) + AsH° (L) + -  AgH" (M^L+X‘) (1.11)
Since for a given metal-ion salt and a given ligand, the Üiemiodynamics data 
refeiTed to the solid state should be the same, independently of the solvent from which 
these are derived, tlie calculation of AcoordH® offers a suitable means of checking the 
accuracy of the complexation (Table 1.4) and solution enthalpies (Table 1.5) in the 
valions solvents.
By inserting the appropriate quantities in Eqn 1.11 in acetonitrile and in 
benzonitrile, AcoordH° for LiC104(sol.) + la  (sol.) ->LilaC104 (sol.) were foimd to be 
-60.23 kJ mol'^ and -60.07 kJ mo f \  respectively.^For sodium, solution and 
complexation enthalpies in MeCN and PhCN were also used. Thus, AcoordH° values of 
-29.19 kJ mol'^ and -34.39 kJ moF^fr om data in MeCN and PhCN respectively were 
calculated.^
Considering the number of steps (each one associated with a given enthalpy 
value) involved in Eqn. 1.11, reasonable agreement between coordination enthalpies 
derived fr om different solvents is found. Having emphasised the main aspects of the 
thennodynamics of calixar ene derivatives and metal cations, in the following section 
some of the applications of calixarenes are described.
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1.5. Applications of calixarenes
Calixarenes have shown to have potential industiial applications. Over one 
hundred patents have been published describmg the various practical applications of 
calixarenes-based molecules and its derivatives. According to Perrin and Harris”  ^the 
growing interest in these compoimds is due to the following reasons:
a) Great amoimts of calixarenes can be obtained easily by a simple one step 
procedure using low cost starting materials.
b) Calixarenes fonn a series of cyclic oligomers with various rings sizes (n = 4, 
5, 6 , 7, 8) giving a variety of cavity sizes and shapes.
c) These macrocycles can be chemically modified, leading to a large variety of 
lower or upper rim derivatives according to the guest to be targeted.
d) Calixarenes are characterised for their complexation properties with ionic 
and neutral species and their selective behaviour for one species relative to 
another
Some of the applications of calixarenes and their derivatives described by 
Penin and Hanis^^^ and Gutsche^^ are now outlined.
1.5.1 Ion sequestration
One of the main industrial applications of calixarenes is for the recovery of 
metals, from nuclear waste and sea. Some illustrative examples are given
i) Recovery of caesium
Izatt and co-workers^ described a method for the recovery of caesium from 
solutions of waste materials, as shown in the diagram of the Fig. 1.22. This apparatus 
is constituted of tlrree phases, the first one is an aqueous phase containing the 
degradation products of uranium, including caesimn. The second phase is a solution 
of j?-^err-butylcalix[8]arene in a dichloromethane-carbon tetrachloride mixture, and 
the third phase is a liquid membrane, which allows the migration of cations from the 
first phase to the second phase.
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NUCLEAR WASTE 
MATERIALS
Cs
STIRRER
H2O
LIQUID MEMBRANE; 
CH2CI2 + CCI4
R
Q
OH
Fig. 1.22 Diagram of the apparatus used for the recovery of caesium using 
calixarenes.
Table 1.6 lists the relative transport rates of different alkali-metal cations 
where the transport rate for the caesimn cation is higher than that for other alkali- 
metal cations.
Table 1.6 Alkali-metal cation transport rates by p-ter^-butylcalix[8] arene from
water to the organic phase119
Cations Transport rate x 10’(moles/24h)
L f 0.9
Na"" 1.5
1.7
Rb^ 22
Cs+ 130
The low solubility of calixarenes in aqueous media is an advantage for tliis 
system, given that the loss of ligand from the organic membrane is minimal. Since the 
aqueous solution is alkaline, one of the phenolic hydrogens of the calix[8]arene
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molecule is removed. As a result the macrocycle in its ionic form interacts and 
ti-ansport cations across the membrane in the organic phase.
ii) Recovery of uranium
The hexaacid derived from ^^-substituted calix[6 ]ai'ene called the “super 
uranophile” introduced by Shinlcai and coworkers/^®'^^"  ^ has shown to be a suitable 
extracting agent for the removal of uranimn from seawater. Thus, at pH 10.0, 99.8% 
of uraniimi was extracted from the aqueous to the organic phase in presence of the 
hexaacid. The derivative used for luanium recovery must be selective for this cation 
(UOi^^) relative to other metal cations by factors gi*eater than lOt
SO.H
O
R = H; -CH2-CO2H
Fig. 1.23 Structure of the /;-sulphonic acid derivative of calix[6] arene used for 
uranium recovery
1.5.2 Selective sensors
i) Ion selective electrodes
Based on the selective behaviom* of calix[4] arene derivatives containing 
carbonyl gi'oups (ester or ketone calix[4]arene derivatives), these ligands (Fig. 1.24) 
have been used for the design of sodium selective electrodes. This electrode has 
found applications for the detection of sodium in biological samples.^^^’^ "^^ .
Other developments in the design of sodimn selective electrodes involved the 
use of the tetramethyl ester in liquid and PVC membranes.
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Kimm-a et al/^^ have also carried out research to explore the use of tetradecyl 
ester in the development of ion selective electrodes (Fig. 1.24).
O
.C = 0
?R (la)
(i) R - C 2H5
(ii)R = CH3
(iii)R = CioH2i
^ c = o
(lb)
Fig. 1.24 Ester (la) and Ketone (lb) calix[4]arene derivatives used for the
design of sodium selective electrodes. 134
Calix[4]ai-ene derivatives containing four sulphur atoms in their structure 
(Fig. 1.25) have been used for the development of electi*odes selective for silver^^’^ ^^  
an ion selective electrode was obtained by incorporating this derivative into a 
polyvmyl chloride (PVC) selective membrane which exhibited a good linear 
Neiiistian response.
In addition, several lower rim calixai’ene derivatives containing soft donor 
atoms such as nitrogen and sulplnn have been synthesised and used for the 
development of ion selective electrodes for soft metal cations.^^’^ ^
More recently, calixarene derivatives have also been used for the development 
of electrodes for the detection of heptanal, glucose, surfactants and carboxylic 
acids. Among the more recent applications is the use of sensors for monitoring the 
activity of chemical and biochemical species, hi this context, calixarenes have been 
employed in a variety of interesting ways including as detectors for toxic chemicals, 
optical amine sensors and calcium sensors.
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Fig. 1.25 Structure of an ionophore used for the development of a silver 
selective electrode
1.5.3 Separation and purification of neutral species
The ability of calixarenes to interact with neutral species due to the hosting 
properties of the hydrophobic cavity has motivated their use for separation puiposes. 
A few examples are given
i) The separation of isomers of xylene.
Penin et have shown that j?-isopropylcalix[4]arene is selective for 
j9-xylene while j9-isopropyl-his-homooxacalix[4]arene is selective for o-xylene. 
Based on these findings, these authors proceeded with the separation of these isomers 
using these macrocycles.
ii) Purification of fullerenes
Shinkai et has designed calix[6]ai'ene derivatives with (arylamino)
alkyl moieties (Fig. 1.26) at the upper rim for inclusion of fullerene (Ceo)
Complexation studies showed that derivative (b) in the Figure 1.26 has a 
higher affinity for Geo than (a). This was attributed to both, the stronger donating 
ability and the higher pre-organisation of the zM-phenyldiamine groups in (b).
36
CHAPTER I INTRODUCTION
Atwood et al}^^ has reported the complexation of /?-benzylcalix[5]arene and 
Ceo in toluene. Thus, using a Ingh precision densitometer, the changes in partial molar 
volmnes on complexation were measmed. The authors concluded that the interaction 
of this ligand with Cso leads to the release of two molecules of toluene fi'om the 
cavity.
CH
12 ‘ '25
NI
■^6^13
CH CH
CH
(a) (b)
Fig. 1.26 Upper rim calix[6] arene derivatives selective for fullerenes.
iii) Removal of halogenated hydrocarbons from water supplies
The use of chlorine as a pmifying agent in water supplies improves the 
microbial quality of this natural resouice. However, side reactions occur since 
chlorine interacts with the natiually occmiing humic and fulvic acids leading to the 
fonnation of trilialomethane which is known to have carcinogenic properties. 
Waimight^^^ reported the use of ^-?er?-butylcalix[6]arene for the removal of 
trilialomethane molecules since their interaction is relatively strong.
1,6 Aims of this work.
As discussed above, the availability of coordination enthalpies, AcoordH°, 
referred to the process in which the reactants and the product are in their pure physical 
state (Eqn. 1.11) allows checking the accuracy of the complexation and solution 
enthalpies involved in the various solvents. Another important aspect of these data is
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that, milike the complexation process in solution, where the AcH” values are anion 
independent, this is not the case for the coordination process. Therefore, the aim of 
the first part of this thesis is to assess the anion effect on the enthalpies of 
coordination involving salts containing different anions and a calix[4]arene derivative, 
namely ethyl p-ter^butylcalix[4]arene tetiaethanoate (Fig. 1.13) to give the 
appropriate metal-ion complex salt. This calixarene derivative has been selected 
because the most detailed thermodynamic studies have been carried out with this 
ligand and therefore there is some backgi'oimd infoimation on these systems as shown 
in the preceding section.
The second part of this thesis is related to the interaction of pyiidino 
calix[4]ai*enes and metal cations in acetonitrile and benzonitrile at 298.15 K. The 
reasons for imdertaking these investigations are based on the following background 
information. Pappalardo et al.^  ^ carried out and NMR studies involving 
5,11,17,23 -tetra-rerr-butyl [25,26,27,28-tetrakis (2-pyiidyl meÜiyl)oxy] calix[4]arene, 
2-Pyi-Calix[4] (Fig. 1.14) and metal cations (Na'*' and K^) in CDCI3 at 298. 15 K. These 
studies revealed that the interaction of 2-PyrCalix[4] with NaSCN in this solvent was 
kinetically slow to the extent that a period of eight days was required to achieve 
equilibrium. For and 2-Pyi'Calix[4], the kinetics of the process was eight times 
slower than for Na'*'. Although Pappalaido coiTectly stated that FIMR and NMR 
are suitable techniques to detect complex formation in protic medium, Danil de 
Namor objected to the fact that no mention has been made by these authors about how 
ion-pair fomiation between the free and the complex cation with the anion in a low 
dielectric mediimi such as chloroform will be reflected in the NMR spectra of these 
systems. Its was therefore difficult to assess if the slow kinetics obseiwed for the 
cations and this ligand in this solvent was entirely attributed to the complexation 
process or to the additional side reactions which are most likely to take place in 
chlorofonn. It was thought that despite the significant contributions made on the 
synthetic and sti'uctuial properties of these ligands, little is Imown about the solution 
behaviour' of pyridino calix[4]arenes.
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Another aspect of Pappalardo’s et al.^  ^ work is that these authors have 
reported two phase (water/dicliloromethane; both phases mutually saturated) 
experiments to measine the exti'acting ability (% of metal extracted in the organic 
phase) of 2-Pyi‘Calix[4] in its “cone” confoiination for metal cations. Studies carried 
out at the Thermochemistry L a b o r a t o r y / h a v e  shown that caution should be 
exercised in using extraction data as a way of assessing the complexing ability of a 
ligand for a metal cation without considering the various individual processes 
involved in the overall extraction of cations from water (saturated with the organic 
phase) by the water satmated solvent containing the ligand since the selectivity of a 
ligand for metal cations in a given solvent can be only discussed from stability 
constant data.
Therefore, the aims of the work involved in the second part of this thesis are,
i) To deteimine the solubility of pyiidino calix[4]ai'enes, mainly 2-PyrCalix[4], 
in a variety of solvents and to use these data for the calculation of the standard Gibbs 
energies of solution, AgG°. Transfer Gibbs energies are derived using acetonitiile as 
the reference solvent. These data ai e useful to assess the degree of solvation that these 
ligands undergo in the vaiious solvents.
ii) To proceed with NMR studies of 2-PyrCalix[4] and alkali-metal cations 
in deuterated acetonitrile, CD3CN, since this is a polar solvent in which ion-pair 
formation of alkali-metal salts at low concentrations is almost negligible.
iii) To carry out conductance measuiements with the aim of determining the 
composition of the metal-ion complexes in acetonitrile and benzonitrile.
iv) To proceed with the thermodynamic characterisation of cation complexation 
processes involving 2-PyrCalix[4] in these solvents. Based on these studies, to isolate 
the appropriate metal-ion complexes and whenever possible to generate suitable 
crystals for X-ray difhaction studies.
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II Experimental part
The experimental part is described imder two main headings.
1. Synthesis, characterisation and solution enthalpies of ethyl p-tert- 
butylcalix[4]arene tetiaethanoate salts.
2 . Synthesis, characterisation and physical-chemical measurements of p-tert- 
butylcalix[4]ai*ene amino derivatives and their metal-ion complexes.
2.1 Synthesis, characterisation and solution enthalpies of ethyl
/;-^^r^-butylcalix[4]arene salts.
2.1.1 Purification of acetonitrile '^*^
Acetonitrile (HPLC grade, Hayman Limited, high purity reagent) was 
refluxed over CaClz for several houi's under a nitrogen atmosphere. The middle 
fraction of the distilled solvent was used. The water content checked by the Karl 
Fisher method was less than 0.01 %.
2.1.2 Purification of chemicals
Lithium trifluoromethanesulphonate (LiCFsSOs) and sodium 
trifluoromethanesulphonate (NaCFgSOa) from Aldrich Chem. Co. were reciystallised 
from water and from an acetone:toluene (1:4) mixtrne respectively. The compounds 
were dried at 60 °C imder reduced pressure for several days. Lithium 
hexafluoroarsenate (LiAsFg) and lithium tetrafluoroborate (LiBF^) from la Roche 
‘Lecfro-salt’, were dried at 60 °C for two days. Lithium bromide and lithium iodide 
pinchased from Aldrich Chem. Co. were dried for several days under vacuum before 
use. j:?-ter^-Butylcalix[4]arene (Aldrich) and ethyl bromoethanoate (Aldrich),
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potassium carbonate (Fisons), and lS-crown-6  (Flulca) were used without ftirther 
pmification.
2.1.3 Synthesis of ethyl j?-fe/t-biitylcalix[4] arene teti aethanoate
j[7-^er^Butylcalix[4 ]arene (3.25 g, 5.01 mmol), 18-crown-6 (0.20 g, 0.76 
imnol), potassimn carbonate (3.04 g, 21.99 mmol), and eüiyl bromoetiranoate (4.6 cm^ , 
41.48 mmol) in acetonitrile (140 cm^) were placed into a dry tln*ee neck round- 
bottomed flask equipped with a magnetic stiiTer, a condenser and a guard tube. The 
mixture was stiixed at 80 - 90 °C for 2 hour s. After coolmg, the excess of solvent was 
removed imder reduced pressiue. The remaining solid was washed with 
dichlorornethane and acetone and filtered off. Recrystallisation of the product from 
absolute ethanol, produced white needles which were dried imder vacuum at 90 °C 
over calcium chloride (rn.p 150 - 156 °C). The reaction course was monitored by 
TLC using dichlorometaneimethanol (9:1) or hexane:ethyl ethanoate (1:4) mixtures 
as the developing solvent systems. The product obtained in 95 % yield (3.64 g) was 
characterised by elemental analysis and NMR spectroscopy. Microanalysis was 
carried out at the University of Smrey. Calculated % for CgoHgoOii; C, 72.55; 
H, 8.12. Observed %: C, 72.79 ; H, 8.22.
2.1.4 NMR characterisation
NMR spectra were recorded at 298 IC on a Bruker AC 300 spectrometer 
at a spectral frequency (SF) of 300.145 MHz, delay time 1.60 s, AQ of 1.819 s, and a 
line broadening (LB) of 0.55. Solutions of the p-rerr-butylcalix[4]arene 
tetraethanoate ester in deuterated acetonitrile (CD3CN) were placed in 5 mm NMR 
tubes using TMS as the internal reference. The chemical shifts (6) are expressed in 
ppm. For ethyl jr-rerr-butylcalix[4]arnne in CD3CN at 298 IC, *H NMR data are 
follows,
'H  NMR, (Fig. 2 .1) ôppm (CD3CN): 1.12 (s, 9H, <-Bu), 1.26 (t, 3H, OCHiC^), 3.24 
(d, IH, J = 12.7 Hz), 4.18 (q, 2H, OCH2CH3), 4.46 (d, IH, J = 12.7 Hz), 4.76 (s, 2H, 
CH2OA1), 7.01 (s, 2H, ArH).
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Fig. 2.1 NMR spectrum of 5,ll,17,23-tetra-p-tert-butyl-25,26,27,28-
tetrakis ethylethanoate calix[4] arene in CD3CN at 298.15 K
2.1.5 Preparation of lithium /?-^erf~butyIcaIix[4]arene tetra­
ethanoate salts
2.1.5.1 Synthesis of lithium ethyl /;-tert-butylcalix[4] arene tetraethanoate 
tetrafluoroborate, (LiEtCalix[4]F4B)
To a suspension of ethyl />-^erf-biitylcalix[4]ai-ene tetraethanoate (1.07 g, 
1.08 mmol) in acetonitrile (50 cm^) Lip4B (0.10 g, 1.08 nmiol) dissolved in 
acetonitiile was added dropwise. The mixtuie was refluxed at 40 °C for 30 minutes 
and then filtered. The filtrate was left for several days, after which crystals were 
observed. These were isolated and washed with acetonitrile and dried at 60 °C under 
vacuum over P4O10.
Microanalysis was carried out at the University of SuiTey. Calculated % for 
LiC6oH8oOi2F4B; C, 66.30; H, 7.42. Observed %: C, 66.13; H, 7.46
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2.1.5.2 Synthesis of lithium ethyl /;-ter^-butylcalix[4] arene tetraethanoate 
bromide, (LiEtCalix[4]Br)
To a suspension of ethyl jt?-?er^-butylcalix[4]arene tetraethanoate ester 
(0.91 g, 0.91 mmol ) in acetonitrile (50 cm^), LiBr (0.08 g, 0.92 imnol) dissolved in 
acetonitiile was added dropwise. The mixtrne was stined for 60 minutes at room 
temperatme and then the solvent was removed in a rotary evaporator and the solid 
residue was dried under vacuum over P4O10. Micro analysis was canied out at the 
University of SuiTey. Calculated % for LiC6oHgoOi2 Br; C, 66.76; H, 7.48. Observed 
% C, 66.82; H, 7.56.
2.1.5.3 Synthesis of lithium ethyl /;-te#t-butylcalix[4]arene tetraethanoate 
hexafluoroarsenate, (LiEtCalix[4]AsF6)
To a suspension of ethyl /7-te?i-butylcalix[4]arene tetraethanoate ester 
(1.224 g, 1.232 mmol) in acetonitiile (50 cm^), LiFgAs (0.814 g, 4.156 mmol) 
dissolved in acetonitrile was added dropwise. The mixture was refluxed at 40 °C for 
30 minutes and then filtered. The filtrate was left for several days, afteiwhich crystals 
were observed. These were isolated and washed with acetonitiile and dried at 60°C 
under vacuum over P4O10. Microanalysis was canied out at the University of Suney. 
Calculated % for LiCgoHgoOnAs Fg; C 60.60, H 6.78. Obseiwed %: C, 60.33; 
H, 6.94. ‘H NMR, 6 ppm CDjCN: 1.20 (s, 9H, lert-Bu), 1.35 (t, 3H, OCHjCffj), 3.48 
(d, IH, J = 12.6 Hz), 4.34 (q, 2H, OCH2 CH3), 4.48 (IH, s, J = 12.4 Hz), 4.66 (2 H, s, 
CH2OAX), 7.35 (s, 2H, ArH).
2.1.5.4 Synthesis of lithium ethyl /?-/gfY-butylcalix[4] arene tetraethanoate 
trifluoromethanesulphonate, (LiEtCalix[4 ]CF3S0 3 )
To a suspension of ethyl /)-ter^-butylcalix[4] arene tetiaethanoate ester 
(0.98 g, 0.99 mmol) in acetonitrile (50 cnf), LiCFsSOg (0.19 g, 1.24 mmol) 
dissolved in acetonitiile was added dropwise. The mixture was refluxed at 40 °C for 
30 minutes and then it was filtered. The filtiate was left for several days, afteiwhich 
crystals were obseiwed. These were isolated and washed with acetonitrile and dried
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at 60 °C under vacuum over P4O10. Microanalysis was carried out at the University 
of Smrey. Calculated % for LiCgoHgoOizCPgSOs; C, 63.75; H, 7.02. Observed: % C, 
63.55 ; H, 7.13. 'H NMR, Spp„, {CD3CN): 1.20 (s, 9H, tert-Bu), 1.33 (t, 3H, 
OCH2 CH3), 3.45 (d, IH, J = 12.4 Hz), 4.31 (q, 2 H, OCH2 CH3), 4.46 (d, IH, J = 12.4 
Hz), 4.64 (2 H, s, Cff^OAr), 7.40 (s, 2H, AxH).
2.1.5.5 Synthesis of lithium ethyl /?-tert-butylcalix[41 arene tetraethanoate 
iodide, (LiEtCalix[4]I)
To a suspension of ethyl p-rerf-butylcalix[4]arene tetraethanoate ester 
(0.84g, 0.84 mmol) in acetonitrile (50 cm^), Lil (0.1 Ig, 0.84 mmol ) dissolved in 
acetonitrile was added dropwise. The mixture was refluxed for 60 minutes. The 
filtiate was left for several days in a dark place, afterwhich crystals were obseiwed. 
The crystals were washed with acetonitiile and dried under reduced pressme over 
P4O10 at room temperatm'e. Microanalysis was canied out at the University of Suney. 
Calculated % for LiCgoHgoOnI; C, 63.92; H, 7.16. Observed %: C, 63.80; 
H, 7.12. ‘H NMR, 5pp„, (CD3CN): 1.21 (s, 9H, tert-Bu), 1.38 (t, 3H, OCH2CH3), 
3.46 (d, IH, J = 12.3 Hz), 4.23 (q, 2H, OCH2CH3), 4.50 (d, IH, J =12.3 Hz), 4.65 
(s, 2H, OCftAr), 7.31 (s, 2H, ArH).
2.1.5 Preparation of sodium />-tert-butylcalix[4]arene tetra­
ethanoate salts.
2.1.6.1 Synthesis of sodium ethyl p-ter^-butylcalix[4] arene tetraethanoate 
tetrafluoroborate, (NaEtCalix[4]BF4)
To a suspension of the ethyl /?-^er/-butylcalix[4]arene tetiaethanoate 
(0.80 g, 0.81 mmol) in acetonitrile (50 cm^), NaBp4 (0.55 g, 5.03 mmol) dissolved in 
acetonitrile was added. The mixtrne was refluxed for 30 minutes at 40 °C and then 
filtered. The filtrate was left for several days until crystals were formed. It was then 
filtered and the crystals were washed with acetonitiile and diied over CaCh in a 
drying pistol at 60 °C for several days.
44
CHAPTER II EXPERIMENTAL PART
Microaiialysis was canied out at the University of Suney. Calculated % for 
NaC6oHsoOi2F4B: C, 63,16; H, 7.07. Observed %: C, 65.8; H, 7.35. 'H NMR, 6ppm 
(CD3CN); 1.21 (s, 9H, tert-Bu), 1.37 (t, 3H, OCH2CH3), 3.45 (d, IH, J = 12.4 Hz), 
4.22 (q, 2H, OCH2CH3), 4.48 (d, IH, J = 12.4 Hz), 4.65 (s, 2H, OCH2A1-), 7.32 
(s, 2H, AxH).
2.1.6.2 Synthesis of sodium ethyl /;-terr--butylcalix[4]arene tetiaethanoate trifluoro­
methanesulphonate, (NaEtCalix[4]CF3S0 3 )
To a suspension of the ethyl j9-^er^-butylcalix[4]arene tetraethanoate (0.11 g, 
0.11 mmol) in acetonitrile (50 cm^), NaCFsSOs (0.16 g, 0.92 mmol) dissolved in 
acetonitrile was added diopwise. The mixtrne was refluxed at 40 °C for 30 minutes 
afterwhich was filtered. The filtrate was left for several days imtil crystals were 
observed. The crystals were filtiated and washed with acetonitrile and dried over 
CaCh in a drying pistol at 60 °C . Microanalysis was canied out at the University of 
Suney. Calculated % for NaCgoHgoOnCFgSOs: C, 62.49; H, 6.99. Obseiwed %: 
C, 62.45; H, 7.04. 'H NMR, Spp„, (CD3CN): 1.21 (s, 9H, tert-Bu), 1.36 (t, 3H,
OCHzCHj), 3.45 (d, IH, J = 12.4 Hz), 4.30 (q, 2H, OCH2CH3), 4.48 (d, IH, J = 12.4 
Hz), 4.68, (s, 2H, OCftAr), 7.38 (s, 2H, AiH).
2.1.6.3 Synthesis of sodium ethyl p-ter^-butylcalix[4] arene tetraethanoate 
iodide, (Na EtCalix[4]I)
To a suspension of ethyl p-rer?-butylcalix[4]arene tetiaethanoate ester (0.90 
g, 0.91 mmol) in acetonitiile (50 cm^), Nal (0.14g, 0.91 imnol) dissolved in 
acetonitrile was added dropwise. The mixture was stined for 60 minutes at room 
temperature afteiwhich it was filtered. The filtiate was left for several days in a dark 
place until crystals were fonned. The crystals were filtered and washed with 
acetonitrile. These were diied at room temperature over P4O10. Micro analysis was 
canied out at the University of Suney. Calculated % for NaCgoHgoOn: C, 63.04 ; 
H, 7.05. Observed %: C, 62.92 ; H, 7.14.
45
CHAPTER II EXPERIMENTAL PART
2.1.7 Determination of the enthalpies of solution of lithium and 
sodium salts of ethyl /;-ter^butylcalix[4]arene tetraethanoate 
in acetonitrile at 298.15 K by calorimetry.
Enthalpies of solution of ethyl-j3-^er?-butylcalix[4 ]arene tetiaethanoate salts 
were measiu'ed calorimetiically. A brief description of the calorimeter used is first 
given.
2.1.7.1 The Tronac 450 calorimeter
The Tronac 450 calorimeter was used for the deteiinination of the enthalpies 
of solution of lithium and sodium ethyl ^ -^err-butylcalix[4]arene teti*aethanoate salts. 
Tliis equipment is a connnercial version of the calorimeter designed by Christensen 
and Izatt^ "^ .^
The main components of the Tronac 450 calorimeter aie shown in Fig. 2.2. 
For simplicity, the following description is refened to tlie two main parts of the 
Tronac 450 calorimeter. These are
i) The calorimetric assembly
ii) The electronic assembly
i) The calorimetric assembly
As it can be seen hom Fig.2.2, the components of the calormietiic assembly 
are: a thermostatic bath (capacity: 50 dm^), a bath stining motor, a cooler-heater 
device and the precision temperature controller. The thermistor, the heater, the 
Dewar vessel (50 cm^) and the stiner stainless steal blade assembly connected to the 
ampoule holder are the components of the calorimeter headed shaft. This isoperibolic 
calorimeter is equipped with a buiette (which is essentially a syiinge of 2  cnf) linlced 
to the reaction vessel by means of a silicone tube.
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ii) The electronic assembly
The changes in the temperature taking place during the course of a given 
reaction are followed by a theimistor placed inside the calorimeter vessel, which 
forms one of the amis of the Wlieatstone bridge circuit, which is comiected to the 
corresponding voltage amplifier and registered on a chart recorder.
hi order to cany out the electrical calibration of the calorimeter, the heater 
of known resistance (R) is used. A voltage (V) is applied to the heater and is 
measured by the voltages across the standard resistance (Vi) and the calibration 
heater resistance (V2) on the digital voltmeter.
Bur t^ Hotor C lK trita) Junction Box
Jtiseri
C«a1c4 HeUer
Reaction Vessel SttrH ng Kotor
«Reaction Vessel Clamp
'Reaction Vessel
Bath Temperature 
'Control Probe
© 0 0iTn r iT
Buret
Titrant Tube
Bath S tirr in g  Motor
Constant Teml Water Oath
■tu re Her
Isoperobol E lectronics
Bath Heater TranSformeri and Cooling Water Connections
Fig 2.2 The Tronac 450 calorimeter
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2.1.7.2 Precision of the Tronac 450
The precision of the enthalpy measiu'ements cairied out in the Tronac 450 
calorimeter is about ± 0.5 % for heat values of 8 Joules using a 1 mV recorder with 
an input impedance of at least 100  k a temperature resolution of ± lO'"^  K can be 
obtained. The response time of the theimistor is of three seconds.
2.1.7.3 Scope of the Tronac 450 calorimeter.
The Tronac calorimeter 450 is rather versatile piece of equipment since it 
can be used as,
i) A conventional solution calorimeter to determine enthalpy changes 
associated with liquid-liquid or solid-liquid systems, hi the deteiinination of the 
enthalpies of solution of lithium and sodium ethyl p-?er^-butylcalix[4]arene 
tetraethanoate salts in acetonitiile at 298.15 K, the Tronac calorimeter 450 was used 
as a conventional solution calorimeter
ii) A titration calorimeter (incremental or con tinuous).A s such it has been 
extensively used by Izzat and Cliristensen '^^  ^ for the deteiinination of the enthalpies 
associated with complexation processes involving crown ethers and metal cations in 
a variety of solvents. In cases where stability constants (log Ks) are not lower than 2 
and not higher than 6 , these data can be derived from titration calorimetry.
2.1.7.4 Standard chemical reactions used in calorimetry. Calculation of the 
standard enthalpy of solution
hi order to check the performance of the calorimeter, standard chemical 
reactions with well established enthalpies aie cairied out. An examination regarding 
the requirements for a standard reaction has been published by Gumi.^ '*'^  hi classical 
calorimetry, the standaid reaction should be fast, exothemiic, non-gas liberating and 
highly precise.
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During the course of this work, the reaction used to assess the perfonnance 
of the calorimeter was that suggested by h'ving and Wadsd '^^ .^ It is referred to the 
heat associated with the chemical reaction between THAM [?rw(hydroxymethyl) 
aminomethane] with hydrochloric acid.
H 2 N C (C H 2 0 H )3 (a q .)  +  HaO+Caq.) % N C (C H 2 0 H ) 3 ( a q .)  +  H 2O  (2 .1 )
2.1.7.5 Determination of the standard enthalpy of solution of THAM at 298.15 K
The deteiinination of the standai'd enthalpy of solution of THAM was 
carried out at 298.15 K in the Tronac 450 calorimeter. Thus, glass ampoules 
containing accurate amounts of THAM (-1.38x1 O '* -  3.55x10'^ mol dm‘^ ) were 
cai'efully sealed with silicone mbber (after ensuring that no reaction took place 
between the solvent and the silicone rubber). The ampoule was placed in the 
ampoule holder and this was inti'oduced in the calorimetric vessel containing 50 cnf 
of an aqueous solution of hydrochloric acid (0.100 mol diiT )^. It was then placed in 
the calorimetiic tray. The whole system was innnersed in the thermostatic bath at
298.15 ± 0.01 K and allowed to reach thermal equilibrimn for a period of 20-30 
minutes with the stirrer switched on. The chart recorder used to monitor the reaction 
was left to run for a period of 5 minutes, afteiwhich, the ampoule was broken and the 
resulting temperatiue change of the reaction was registered on the chart recorder. 
Each reaction was followed by an electrical calibration in order to determine the heat 
capacity of the calorimeter, s, which is required for the calculation of the enthalpy 
associated with the process.
The experimental data obtained in tlie chait recorder is a plot of voltage 
(temperature) against time and the analysis of data is now discussed.
2.1.7.6 Analysis of data
A typical thermogiam (plot of voltage against time) for the THAM reaction 
(exotheiinic process) is shown in Fig. 2.3. The changes taking place fi-om aXob are
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attiibuted to the net heat loss or gain due to the reaction vessel and its contents before 
the reaction starts and it is known as the initial or pre-reaction period. Effects such 
as heating by stining, resistance heating across the theimistor and heat leaks (heat 
losses by conduction, radiation, convection and evaporation) are reflected in the 
slope {a-b).
From b to c, the changes obseiwed are due to the reaction talcing place in the 
calorimetiic vessel plus effects attributed to the breaking of the ampoule in the 
solvent. Region c-d is the post-reaction period.
In an isoperibolic calorimeter there are temperatuie changes between the 
calorimeter vessel and the suiTomiding diuing the experiment and heat exchange 
takes place.
CL
Time (t)
Fig 2.3 Thermogram for the THAM reaction
2,1.7.7 Calculation of the total heat of the reaction
The heat obseiwed for the reaction is compai'ed witli that obtained when a 
Icnown amount of heat is evolved in the calorimeter, known as the electiical
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calibration experiment. The calibration constant, s is defined as the heat capacity of 
the calorimeter (J K'^) as shown in the following equation,
Qt — G d (2.2)
In Eqn. 2.2, Qx is the total amoimt of heat produced in the calorimeter vessel 
and d is the distance on the chai't recorder for the reaction and it is measmed in mm. 
During the electrical calibration, electrical heat was introduced for a well-defined 
period of time, t. The potential difference between the standai'd and the heater 
resistance, Vi and Y 2 respectively, was measmed.
In Eqn. 2.3, R is the calorimeter internal resistance (100.02 ohms). The total 
heat, Qx, includes the heat due to the reaction Qr, as well as that resulting fi-om the 
breaking of the empty glass ampoule in the solution, Qab- Therefore,
Qt^Q r" Qab (2.4)
The molar enthalpy change, AH, for the process described in Eqn. 2.1 is 
calculated fiom
AH = ^  (2.5)n
where n is the notation used to indicate the nmnber of moles of the appropriate 
compoimd, in this case, THAM in the final solution.
hi this work, the change in temperatme was measmed in millimeters (mm) 
in the chart recorder and the DicJdnson’s method o f graphical extiapolation was used 
to analyse the theimogram. '^^®
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2.1.7.8 Determination of the enthalpies of solution of lithium and sodium ethyl 
/;-te/t-calix[4]arene tetraethanoate salts in acetonitrile 298.15 K
The enthalpies of solution of lithiimi and sodium ethyl p-tert- 
butylcalix[4]arene tetiaethanoate salts were measmed at 298.15 K by breaking 
glass ampoules containing different amoimts of lithimn and sodimn calixarenate salts 
in 50 cnf of acetonitrile. The procedme followed is similar to that described above 
for the determination of the enthalpy of solution of THAM in an aqueous solution of 
hydi'ocliloric acid.
Having described the experimental work related to the synthesis and 
characterisation of ethyl ^-^err-butylcalix[4]aiene tetraethanoate salts including the 
procedure used for the deteiinination of the standai'd enthalpies of solution of these 
salts in acetonitrile, the following section describes the experimental work related to 
the second part of this thesis.
2.2 Synthesis, characterisation and physical-chemical 
measurements of /;-f f^:^bntylcahx[4]arene amino 
derivatives and their metal-ion complexes.
2.2.1 Chemicals
Etliyl ^-^er^-butylcalix[4]aiene, 2-(chloromethyl)pyi'idine chloride 
hydi'ochloride, 3-(chloromethyl)pyridine chloride hydrochloride, sodimn, lithium and 
sodium perchlorates were purchased from Aldrich Chem. Co.
Tetiahydrofruan (THE) (HPLC grade), N,N-dimethylformamide (DMF) 
were purchased from Fisher. Dichloromethane (CH2CI2), methanol (MeOH),
1-propanol (1-PrOH), ethanol (EtOH) were obtained fr'om Fisons Analytical 
Reagents; propylene caibonate (PC), benzonitrile (PhCN) and nitrobenzene (PI1NO2) 
were purchased fr om Fluka.
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2.2.2 Purification of solvents^^^
2.2.2.1 Tetrahydrofuran (THF)
Tetiahydiofriraii was stored overnight with metallic sodium. The solvent 
with the sodium wires and benzophenone were placed in a round bottom flask. The 
contents were refluxed under a diy nitrogen atmosphere for a period of three hours 
imtil the coloiu of the solvent changed from dark yellow to blue. This was an 
indication that the solvent was water free. It was then collected and used 
immediately. The boiling point of the solvent was 65-66 °C
2.2.2.2 N,N-Dimethylformamide (DMF)
N,N-Dimethylfoimamide was stored with 4 Â molecular sieves and refluxed 
for tluee hoius. It was then distilled and the middle fraction of the distilled solvent 
was collected. The water content of the solvent determined by Karl Fischer was 
found to be less than 0 .0 2  %.
2.2.2.3 Benzonitrile (PhCN)
Benzonitrile was stored over CaCl % for a few hours. It was then transfen-ed 
into a round bottom flask and refluxed with P4O10 under reduced pressure for several 
houi's. It was then distilled and the middle fraction of the distilled solvent was 
collected. Further distillation of benzonitrile was canied out to remove ti'aces of 
P4O10 and the middle fraction was collected. The water content was deteimined by 
Karl Fischer titration and found to be less than 0.02 %.
2.2.3 Synthesis of/;-/^r^-butylcalix[4]arene amino derivatives
2.2.3.1 Preparation of 5,ll,17,23-tetra-^grr-bntyl-25,26,27,28-tetralds [(2-pyridyI 
methyl)oxy] calix[4]arene, (2-PyrCalix[4])
hi a 250 cm  ^ round bottom flask equipped with a condenser, p-tert- 
butylcalix[4]arene (2.57 g, 3.95 imnol) and sodium hydride (60% in an oil
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suspension, 4.76 g, 118.92 ininol) were placed. A tetrahydrofuran: 
dimethylfomiainide mixture (80:25) was added. The contents of tlie flask were 
stirred at room temperatui'e for thirty minutes under a nitrogen atmosphere.
The flask was then placed in an ice-baüi and 2-(cliloroniethyl)pyridine 
hydi'ocliloiide (7.293 g, 44.46 mmol) in N,N dimethylformamide (5 cni^) was added 
dropwise into the mixture which was then stirred and refluxed at 30 °C for one horn" 
and then at 45-50°C for a period of 12 hours. The course of the reaction was 
monitored by TLC using dichloromethane‘.methanol (9:1) as the developing solvent 
system.
After cooling the mixtrne, most of the solvent was removed under reduced 
pressure and then the solid was dissolved hi a dichloromethane:water (1 :1) mixtuie. 
The organic phase was dried with MgSO# and after the removal of the solvent under 
reduced pressuie, the cmde product was recrystallised from absolute alcohol. The 
compound obtained (3.2 g, 84 % yield) was characterised by micro analysis carried 
out at the University of Smrey. Calculated % for C68H76N4O4: C, 80.60; 
H, 7.56; N, 5.53; Observed %: C, 80.45; H, 7.59; N, 5.53.
‘H NMR, 5pp„ (CD3CN); 1.09 (s, 9H, 1-Bu), 3.05 (d, IH, J = 12.6 Hz). 4.38 (d, IH, 
J = 12.6 Hz) 4.96 (s, 2H, OCftAr), 7.04 (m IH, 5-Py), 7.26 (s, 2H, AxH). 7,32 (m, 1, 
4-Py), 7.68 (m, IH, 3-Py), 8.48 (m, IE, 6 -Py).
2.2.B.2 Preparation of 5,11,17,23-tctrn^w-[(3-pyridylmethyl)oxy] p-tert-hMt^\
calix 14] arene, (3-PyrCalix[4])
hi a 250 cnf round bottom flask equipped with a condenser, j7-fert-butylcalix[4]arene 
(2.54 g, 3.92 mmol) and sodimn hydiide (60 % in an oil suspension, 4.76 g, 118.96 
mmol) were placed. A tetrahydrofui‘an:dimethylformamide mixtme (80:25) was 
added. The contents of the flask were stined at room temperatme for tliirty minutes 
under a nitrogen atmosphere.
The flask was then placed in an ice-bath and 3-(chloromethyl)pyi'idine 
hydrochloride (7.927 g, 48.323 mmol) in N,N dimetliylfbmiamide (5 cm^) was added
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dropwise into the mixture winch was then stirred. The mixtuie was refluxed for five 
hours at 50^C. The comse of the reaction was monitored by TLC using 
diclilorometliane:methanol (9:1) and hexane:ethyl acetate (8:2) as the developing solvent 
systems.
After cooling the mixture, most of the solvent was removed under reduced 
pressure and then the solid was dissolved in a dichloromethane:water (1:1) mixture. 
The organic phase was dried with MgS0 4  and after removal of the solvent under 
reduced pressme, the crude product was recrystallised from absolute alcohol. The 
compound obtained (3.40 g, 90.45 % yield) was characterised by elemental analysis 
carried out at the University of Suney. Calculated % for, C68H76N4O4, C, 80.60; H, 
7.56; N, 5.53; Obseiwed %:C, 80.60; H, 7.61; N, 5.56.
‘H NMR, ÔppmCDjOD: 1.07 (s, 9H, «-Bu), 2.78(d, IH, J = 12.2 Hz), 3.98 (d, IH, 
J = 12.2 Hz), 4.94 (s, 2H, OCftAi'), 6.80 (s, IH, 5-Py), 7.35 (q, IH, 4-Py), 7.62 
(s, 2H, ArH), 7.68 (d, IH, 6-Py), 8.48 (t, IH, 2-Py).
2.2.4 Solubility Measurements
2.2.4.1 Measurements of the solubility of 5,ll,17,23-tetra-rer^butyl-25,26,28-
te^rfl/fw[(3-pyridylmethyl)oxy] calix[4] arene, (3-PyrCalix[4]) in
acetonitrile in various solvents.
Satmated solutions of 3-PyrCalix[4] in the appropriate solvent (acetonitrile, 
methanol, propan-l-ol, butan-l-ol, propylene caibonate and N,N-dimethylfonnamide 
were prepared by adding an excess of the solute to the solvent. Mixtures were left for 
several days in a thermostated bath at 298.15 ± 0.02 K until the equilibrium was 
attained. Aliquots of the saturated solution in the appropriate solvent were placed in 
different porcelain cmcibles, wliich have been previously dried and accmately 
weighed. The solvents were slowly evaporated at low temperatme. The crucibles 
were placed into a desiccator for several days and then weighed imtil constant 
weight. For this purpose, a Mettler AE240 balance was used. Blank experiments 
were cairied out in order to check the presence of impmities in the solvent and no
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ti'aces were found. Each analysis was done in triplicate. Solvate formation was 
determined by placing small amounts of the solid in a saturated atmosphere of the 
solvent. No solvate formation was detected.
2.2.5 Conductance measurements
Conductance measurements have contiibuted significantly to our present 
understanding on the behaviour of electiolytes in solution.
Conductimeti'y is the electrochemical method "^^  ^ in wliich the electiical 
conductance of the sample (containing ions) is measiued. hi this teclmique, an 
alternating electiical cunent is applied to the electiodes while the measmements are 
canied out. The electrical conductance of a solution is a measure of the ability of the 
solution to conduct the electiical cuirent. The conductance, G, is defined as the 
reciprocal of the resistance R,
G = T  (2 .6)
The unit of conductance is the Siemen (S). For conductance measurements, 
the electrodes used were platinised platinimi electiodes. The advantage of using 
platinised electiodes rather than shiny platinum electrodes is that the fonner are 
characterised by a larger siuface area than the latter leading to more accurate 
conductance measurements.
The resistance of a solution containing a given electrolyte concentration at a 
constant temperature is directly proportional to the distance 1 (cm) between the 
platinised electrodes, and inversely proportional to the cross-sectional area, A (cm^), 
of the electrodes as shown in Eqn. 2.7,
R = p l  (2.7)A
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111 this equation, p  is the specific resistance or resistivity. Taking into 
account eqns. 2.6 and 2.7, it follows that.
G = -  = k -  or R = - -  (2.8)p i  I K A
In Eqn. 2.8, k  cm‘ )^ known as the specific conductance is the reciprocal 
of p. The L/A ratio is usually refened as the cell constant. Both parameters, G and 
R aie temperature and concentration dependents. Results are often expressed in tenns 
of the molar conductance. Am which is defined by Eqn. 2,9,
A„, = 100xk/c  (2.9)
In Eqn. 2.9, c is the molar concentration (mol-din^). hi this work, 
conductance measurements were perfonned in order to determine the composition 
(stoichiometiy) of the metal-ion complexes formed between the calix[4]arene 
derivative and the appropriate cation in the chosen solvent. The following section 
describes the determination of the cell constant, 1/A.
2.2.5.1 Determination of the cell constant
The apparatus used for conductance measmements was an Autobalance 
Universal Bridge B 642. The cell constant 1/A, was determined by the procedure 
of Jones and Bradshaw^"^ .^ The potassium chloride salt used in these measmements 
was tluee times recrystallised from deionised water. The cell containing deionised 
water (20 ml) was kept in a themiostatted bath at 298.15 ± 0.20 K and aliquots of 
KCl (0.9994 mol dm'^) were added by the use of a syiinge. The molar conductance 
was calculated by the use of the Lind, Zwolenik and Fuoss equation,
A,„ = 149.93 -  94.65 c^^ + 58.74 c log c +198.4 c (2.10)
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the cell constant, (1/A), was calculated from,
2.2.5.2 Coiiductimetric titrations of metal cations with pyridinocalix[4]arene 
derivatives in non-aqneons solvents at 298.15 K
Conductimeti'ic titmtions of lithium, sodium, potassimn, rubidiimi and 
caesium salts with 2-PyiCalix[4] were caiiied out in acetonitrile at 298.15 K. The 
salts used were: L1C104, NaC104, KCIO4, RbC104 and CSCIO4 These were 
pmchased from Aldrich Chem. Co. To perfoiin these titiations, the coiiductimetric 
cell was accmately weighed and then it was filled with a solution of the appropriate 
metal-ion perchlorate in the appropriate solvent (20 cm^). Then, the electrodes were 
inserted into the cell. The closed system was placed in a thennostatted bath at
298.15 ± 0.02 K mitil equilibrimn (25 minutes) was reached. Dry nitrogen was 
passed tlirough the solution and measmements were taken in order to determine the 
conductivity of the solvent. Using a hypodermic syiinge, accmate aliquots of the 
ligand (3.464 x 10'"^  mol dm'^) were added. Readings were talcen after each addition. 
For slow reactions, readings were taken once it was ensured that the equilibrium was 
attained.
Molar conductances (Am) and ligand: metal cation ratios were
calculated by the use of a computer program (Cownl.Bas) developed at the 
Thennochemistry Laboratory.'^* From a plot of A,„ against the ligand:cation ratio
(-^/^„+),the complex stoichiometry was determined. The next section outlines
some of the principles involved in potentiometry since this technique was used in this 
thesis for the derivation of stability constant data.
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2.2.6 Determination of the stability constants of 2-PyrCaIix[4] and 
alkali-metal cations in acetonitrile at 298.15 K by 
potentiometry using silver electrodes.
2.2.6.1 Chemicals
Tetra-7z-biitylammoniuiii perchlorate (TBAP) (Fluka), silver nitrate (99.8%) 
(Rose Chemicals Ltd.), litliiimi, sodium, potassium, rubidium and caesium 
perchlorates (Aldrich Chemical Co) were dried over F4O10 for several days before 
use. The 2-Pyi'Calix[4] ligand was synthesised as described in the section 2.3.1, and 
dried over CaCh under vacuum at 80-90 °C. Acetonitrile (HPLC giade, Fison) was 
diied by refluxing in a nitiogen atmosphere and distilled over calcimn hydride. Only 
the middle fraction was collected.
2.2.6.2 The electrochemical cell
One of the methods used to deteimine the stability constant of the ligand 
with metal cations is the potentiometiic titration using silver electrodes. In this 
system, the electrochemical cell is built from two half-cells consisting of a silver 
wire introduced in a solution of silver cations. A salt bridge containing the 
supporting electrolyte (TBAP) connects both half-cells and electrodes are connected 
to the potentiometer. A schematic representation of the electrochemical cell is given:
Ag Ag" Ag+
0.05M TBAP 0.05M TBAP 0.05M TBAP
ci\ «2
Sample Reference
Ag
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The potential of the Ag’^ /Ag electrode is described by Nemst equation:
RTE = E° + — ln[aAg^] (2.12)nF
In Eqn. 2.12, R is the gas constant, T is the temperatme in K and n is the 
nmnber of electrons involved (1 for silver), F is the Faraday constant, aAg+ is the 
activity of the silver cation and E^^+/ ,standard electrode potential (for activities = 1).
The electromotive force, EMF, measmed by the potentiometer (in mV) is 
the difference between the potentials of the two silver electrodes:
R T  R TEMF=E2-Ei-E° + — liifl2-E“f l i - ^ h ia i  (2.13)
EMF=— (2.14)F a.
and at 298.15 K; EMF = 59.1 lo ga^,
Because the ionic strength is kept constant using TBAP, the activities in 
Eqn. 2.14 can be replaced by concentmtions of silver ions as the corrections 
associated with activity is the same for a% and aa.
EMF = 59.1 lo g ^  (2.15)
It is apparent from Eqn. 2.15 that knowing the concentiation of silver 
cations in the reference cell, it is possible to calculate its concentration in the sample 
cell by measming the electromotive force.
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2.2.Ô.3 Principles of the method
The competitive potentiometric method for the detemiiiiation of the stability 
constant, Kg, of 2-Pyi‘Calix[4] with alkali-metal cations consists of the following 
steps:
i) The detei*mination of stability constant of Ag'*' and 2-Pyi‘Calix[4]
Ag"'(s) + 2-PyrCalix[4] (s) Ag2-Pyi'Calix[4]* (2.16)
JAg2-Pyi-Calix[4]1 
" [Ag*] [2-Pyi-Calix[4]j
ii) The determination of the equilibrimn constant for the competition reaction 
between the silver cation complex [Ag^2-Pyi'Calix[4]] and the alkali-metal cation 
(M^) as described by Eqn, 2.18,
A, _
Ag'*‘2-Pyi-Calix[4] (s) + M"" (s) -=-----  M 2-PyrCahx[4] (s) + Ag"" (s) (2.18)
the equilibrium constant, K\ for this process is shown in Eqn. 2.19
[M2-Pyi'Calix[4]^] [Ag"]K. = --------------------------------------- (2.19)[Ag2-Pyi'Calix[4]"][M"]
Combination of Eqns. 2.16 and 2.18, leads to the stability constant of the process 
shown in Eqn. 2.20,
^ 2M* (s) + 2-Pyi-Calix[4] (s) M 2-PyrCalix[4] * (s) (2.20)
for this process, Ks2 is defined by Eqn. 2.21
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It is important to note that in the competitive method the stability constant should 
not be lower than Kgj
Xs2 ^
2.2.6.4 Experimental procedures
The apparatus for the determination of the stability constants is shown in
Fig. 2.4
WireSilver
»
TBAP 
Salt Bridge WireSilver
Indicator Reference
Fig. 2.4 Potentiometric apparatus used to determine the stability constant of 
metal-ion complexes using the silver electrode.
The solution of tetra-n-butylammonimn perchlorate (TBAP) (0.05 mol dm'^, 
100 arf) was pi^aied by dissolving TBAP (1.7g) in acetonitrile. Silver nitiate solution 
(1.5 X  10'  ^mol diiT )^ was prepared by dissolving the salt (0.00629 g) in a solution of 
TBAP (25 cm^) in acetonitrile
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i) Calibration of the silver electrode
hi this experiment, the vessel containing the indicator electrode was filled 
with a solution of TBAP (25 cnf) and that containing the reference electrode was 
filled with AgNOa solution (20 cnf) and a solution of TBAP (5 cm^) was added. 
The vessels were connected using a salt bridge containing a solution of TBAP. 
Potential readings were taken with a digital micro-processor pH/niV meter HANNA 
model H I8417. The reference and the titration cell were kept at constant 
temperatme (298.15 ± 0.05 K) using a theiinostated bath.
The apparatus with the solutions was left for 30 minutes to equilibrate, then 
the solution of silver nitrate (1.5 x 10'  ^mol dm'^) was added (10 additions) into the 
indicator cell. Potential readings were taken after each addition. The Nernstian 
behaviour of the electiode was evaluated ft om the slope of a plot of E (mV) against 
-log[Ag^]
ii) Determination of the stability constant of silver and 2-PyrCalix[4] in
acetonitrile at 298.15 K
The ligand (0.46 x 10'  ^ mol diiT )^ solution was prepared by dissolving 
(0.0005 g) of 2-Pyi'Calix[4] in a TBAP solution (0.05 mol duT ,^ 10 cm^) in 
acetonitrile. hi a typical experiment, the indicator electrode placed into a solution 
containing a known concentiation of Ag”^ was titrated with a solution of 
2-PyrCalix[4] (4.60 x ICf^  mol dm'^) in the same solvent allowing the formation of 
the 1:1 silver calixarenate complex (Eqn. 2.16). Potential readings were taken after 
each addition and the data were used for the calculation of the stability constant of 
the silver calixarenate complex in MeCN. For this pmpose a POTK123.BAS 
computer program developed at the Themiocheniistry Laboratory was used.^^^
The concentration of the free silver cation after each addition, [Ag' j^i, can be 
calculated ftom Eqn. 2.22
E^-E^
= Ni (Z2 2 )
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In Eqn. 2.22, [Ag’**]o is the initial concentration of silver cations m the 
titration vessel, E° is the staifing potential and E, is the potential after the addition of
the ligand. The concentration of the silver complex, [Ag 2-PyiCalix[4]^] and the free 
ligand [2-PyrCalix[4]], after each addition are calculated from Eqns. 2.23 and 2.24.
[Ag 2-Pyi-Calix[4]^i= [Ag^Jx - [Ag+]j (2.23)
[2-Pyi-Calix[4]]i = [2-PyiCalix[4]]x -  [Ag 2-Pyi€alix[4]^]i (2.24)
hi these equations, [Ag^]x and [2-Pyi'Calix[4]]x are the total concentration 
of silver cations and ligand respectively. The stability constant of the ligand with the 
silver cation can be finally calculated using Eqn. 2.17.
iii) Determination of the stability constant of alkali-metals and
2-PyrCalix[4] in acetonitrile at 298.15 K
The metal-ion salt solutions (1.5 x 10'  ^ mol diiT )^ were prepared by 
dissolving the appropriate alkali-nietal salt in TBAP solution (10 cni^)in acetonitrile. 
The solution of alkali-metal cation was titrated into the reaction vessel containmg the 
silver calixarenate complex and the excess of ligand in acetonitrile. Potential 
readings were taken after each addition. Titrations were caiiied out until all the silver 
cations were removed from the complex and the excess of alkali-metal cation in the 
vessel appeared.
The concentration of ftee Ag"^  cations was again calculated using Eqn. 2.22 
followed by the calculation of [Ag 2-PyrCalix[4]'^], [2-PyrCalix[4]], 
[M 2-Pyi'Calix[4]‘^ ] and [M^] leading to the derivatisation of the ICsz value according 
to Eqn. 2.21
[2-Pyi-Calix[4] = [^g 2-PyiCahx[4] ] (2.25)
[ A g i  K s i
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[M 2-Pyi-Calix[4] 1  = [2-PyrCalix[4]T- [Ag 2-Pyi€alix[4]1 - 2-PyrCalix[4]] (2.26) 
[M1 = [M ix -  [M 2-Pyi-Calix[4]1 (2.27)
2.2.7 Determination of stability constants and standard enthalpies 
of complexation of alkali-metal cations and 2-PyrCalix[4] in 
acetonitrile and in benzonitrile at 298.15 K by titration 
microcalorimetry.
2.2.7.1 Microcalorimetric studies
The thermodynamics of complexation of 2-Pyi‘Calix[4] and alkali-metal 
cations in acetonihile and benzonitrile at 298.15 K were investigated using titration 
microcalorimetry. These measurements were carried out by Miss Olga Jafou, 
postgraduate student at the Thermochemistry Laboratory. Therefore the following 
section describes only the preparation of the solutions used in the microcalorimetric 
work.
The LKB microcalorimeter 2277 Thermal Activity Monitor (TAM) 
designed by Suurkuusk and Wadso^ "^^  was used for the determination of stability 
constants and enthalpies of complexation associated with these processes.
2.2.7.2 Solutions used in the microcalorimeter
For the determination of the stability constants, log Ks and the enthalpies of 
complexation, AcH° of 2-PyrCalix[4] and alkali-metal cations, the following 
concentr ations of salts and ligand were used.
In benzonitrile, the concentrations of lithium, sodimn and potassium salts 
were approximately the same (6.23 x ICT^  mol dnf^) wliile for rubidium perchlorate,
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a lower concentration was used (1.04 x 10‘ mol dm'^) due to solubility limitations. 
Again a ligand concentration of 6.98 x 10“^ mol dm'^ was used for the fomier tlnee
cations while for rubidium, the concentration of 2-Pyr'Calix[4] was 1.31 x 10’^  mol 
drn"^  hr acetonitrile, the same corrcentrations of lithium, sodium, potassium and
nibidiurn perchlorates were used (4.20 x 10'  ^ mol drn'^) while the ligand 
concentrations varied from 3.55 x 10'  ^to 4.00 x 10“^ mol dm‘^
2.2.8 Preparation of metal-ion complexes of 2-PyrCalix[4] perchlorates 
salts
2.2.8.1 Preparation of lithium 2-PyrCalix[4] perchlorate salt.
A solution of lithium perchlorate (1.48 x 10'  ^moles) in acetonitrile (20 cm^) 
was added dropwise into a solution of 2-PyrCalix[4] (1.48 x 10'  ^moles) in the same 
solvent. The rnixtme was stirred and refluxed at 50 °C. The clear solution was 
filtered off and the filtrate was left for several days until crystals were deposited. 
These were filtered, washed with acetonitrile and dried in a pistol dry over CaCh at 
60 °C for several days. Micro analysis was carried out at the University of Surrey. 
Calculated % for LiC68H76N404C104; C, 72.94, H, 6.84; N, 5.00. Observed % C, 72.34, 
H, 6.87; N 5.10.
‘H NMR S p p m  (CD3CN): 1.18 (s, 9H, f-Bu), 3.00 (d, IH, J = 12.6 Hz), 3.84 (d, IH, 
J = 12.6 Hz), 5.20 (s, 2H, OC%Ar) 6.92 (m. IH, 3-Py), 7.24 (s, 2H, Ariï), 7.44 (m, 
IH, 4-Py) 7.72 (m, IH, 5-Py), 8.82 (m, IH, 6 -Py).
2.2.8.2 Preparation of sodium 2-PyrCalix[4] perchlorate salt
A sohrtion of sodium perchlorate (2.37 x ICf^  moles) in acetonitrile was 
added dropwise into a solution of 2-PyrCalix[4] in the same solvent (20 cm^). The 
mixture solution was stirred and refluxed at 50 °C. The solution was filtered off and
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the filtrate was left for several days until crystals were deposited. These were 
filtered, washed with acetonitrile and dried in a dr ying pistol over CaCh at 60 °C for 
several days.
Micro analysis was carried out at the University of Sinrey. Calculated % for 
NaC68H76N4 0 4C104; C, 71.91; H, 6.74; N, 4.93. Observed %, C, 71.54; H, 7.00; 
N, 4.67.
'H NMR <5^p„, (CDsCN ); 1.18 (s, 9H, 1-Bu), 3.05 (d, IH, J = 12.6 Hz), 4.04 (d, IH, 
J = 12.6 Hz), 4.86, (s, 2H, OCffjAr), 7.18 (s, 2H, ArH), 7.20 (m, IH, 3-Py), 7,38 (m, 
IH, 4 Py), 7.82 (m, IH, 5-Py), 8.48 (m, IH, 6 -Py).
X-Ray diffraction studies were performed by Professor Oscar E. Piro at the 
Universidad Nacional de la Plata (Ar gentina) and Professor Eduardo E. Castellano at 
the histituto de Frsica de Sao Carlos, Universidad de Sao Paulo (Brazil).
2.2.8.3 Preparation of silver 2-PyrCalix[4] perchlorate salt
To a solution of the ligarrd (2.13 x 10'"^  mol dm'^) in acetonitrile, a solution 
of silver perchlorate (8.047 x 10"^  mol dm“^ ) in the same solvent was added dropwise. 
The mixture was stirred in a dark place at room temperature for one hour. The 
solution was filtered off and left for several days in a dark place. After slow 
evaporation of the solvent crystals were deposited. The crystals were filtered and 
washed with acetonitrile and dried imder reduced pressure at room ternperatme over 
P4O10. Microanalysis was canied out at the University of Smrey. Calculated % for 
AgC68H7eN404N0 3 ;C, 66.91, H, 6.27, N, 4.59. Observed %, C, 65.9, H, 6.03, N, 
4.46.
'H  NMR 4,pm (CD3CN): 1.16 (s, 9H, 1-Bu), 3.10 (d, IH, J = 12.3 Hz), 4.04 (d, IH, 
J = 12.3 Hz), 4.82 (s, 2H, OCftAr), 7.15 (s, 2H, MH) 7.18 (m, IH, 3-Py), 7.38 (m, 
IH, 4-Py), 7.80 (m, IH, 5-Py), 8.48 (m, IH, 6 -Py).
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III Results and Discussion
3.1 Ethyl /?-/^r^-butyIcalix[4]arene salts: Synthesis, characteri­
sation and standard enthalpies of solution in acetonitrile 
at 298.15 K
As stated in the introduction of this thesis, the main aim of tliis section is to 
derive the enthalpies of coordination, AcooidH°, for the process defined by Eqn. 3.1
MX(sol.) + EtCalix(4)(sol.) > MEtCalix(4)X(sol.) (3.1)
hi this equation, the reactants (metal-ion salt, MX and ligand, EtCalix[4]), 
and the product (metal-ion complex salt, MEtCalix[4]X) are in the solid (sol.) state. 
The relevance of these data has been emphasised by Danil de Namor and co-workers 
in a number of papers^^^’^ ^^ ’^ '^ '^^ '^^
From the point of view of this work, the purpose of deriving these data is to 
assess the anion effect on the co-ordination process (Eqn. 3.1). Coordination 
enthalpies are usually calculated fiom the standard enthalpies of solution, AsH°, for 
the processes described in eqns. 3.2, 3.3 and 3.4 and the standard enthalpy of 
complexation AcH° involving a metal-cation M"^  and the appropriate ligand, 
EtCalix[4] (Eqn. 3.5)
M X (so l.)^ !^ — >M*(s) + X“(s) (3.2)
EtCalix(4)(sol.)—^2S%EtCalix(4)(s) (3.3)
MEtCalix(4)X(sol.) > MEtCalix(4)" (s) + X ' (s) (3 .4)
68
CHAPTER n i  RESULTS AND DISCUSSION
M+(s) + EtCalix(4)(s) > M*EtCalix(4)(s) (3.5)
Therefore, AcoordH® is obtained from Eqn. 1.11 (see Introduction, Pag. 31). 
As previously stated 108,122,162-164 ^ given salt and a given ligand, the niunerical
value of AcoordH® is independent of the solvent fr om which this parameter is derived, 
fri this work, enthalpies of coordination aie derived from solution processes (eqns. 
3.2-3.5) in acetonitrile at 298.15 K. This solvent was chosen because complexation 
data (Eqn. 3.5) in acetonitrile are known and these are now well established.
The complexation of EtCalix[4] with lithium and sodium cations in this solvent is 
relatively strong (see Introduction, Table 1.4). This is a relevant factor to consider in 
the detennination of the standard enthalpies of solution of metal-ion complex salts 
(Eqn. 3.4), othei*wise the dissolution process may be accompanied by complex 
dissociation and therefore, the data obtained is not referred to a defined process, but to 
a combination of both (dissolution and dissociation).
Since the enthalpies of complexation of Li^ and Na"^  cations with EtCalix[4] 
in acetonitrile (see hitroduction, Table 1.4) and the enthalpies of solution of some of 
the free metal-ion salts and that for the ligand (see Introduction Table 1.5) have been 
determined calorimetrically,^^^’^ ^^ ’^ ^^ "^ ^^  for the calculation of AcoordH®, the enthalpies 
of solution of the metal-ion complex salts in acetonitrile are required. In the following 
section, the synthesis, characterisation and the determination of the standard 
enthalpies of solution of lithium and sodium complex salts containing various anions 
(tetrafluoroborate: F4B"; bromide: Br; hexafiuoroarsenate: AsFe', trifluoromethane- 
sulphonate: CF3SO3" and iodide: F) are discussed.
3.1.1 Synthesis and characterisation of lithium and sodium ethyl 
/;-^er^-butyIcalix[4]arene tetraethanoate salts.
NMR (see Experimental Section 2.1.4) and microanalysis data (Table 3.1.1) 
indicate that the synthesis of tliese salts were performed successfully and therefore these are 
suitable for the investigation of Hie Hiermochemical properties of these new compounds by 
calorimetry, using the Tronac 450 calorimeter^ "^  ^previously described. In order to check
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tiie precision of tliis equipment, the standard enthalpy of solution of 
r;i6'-(hydi'oxymethyl)aminomethane (THAM) was perfonned as described in the 
Experimental Section 2.1.7.5.
Table 3.1.1 Microanalysis data of lithium and sodium ethyl p-tert~ 
butylcalix[4]arene tetraethanoate salts.
Salt
%C
Calculated
%C
Observed
%H
Calculated
%H
Observed
LiEtCalix[4]AsF6 60.58 60.48 6.78 6.82
Li EtCalix[4 ]BF4 66.30 66.13 7.42 7.46
Li EtCalix[4]Br 66.76 66.82 7.48 7.52
Li EtCalix[4 ]CF3S0 3 63.75 63.55 7.02 7.13
LiEtCalix[4]I 63.92 63.80 7.16 7.12
Na EtCalix[4 ]BF4 63.16 64.10 7.07 7.35
NaEtCalix[4 ]CF3S03 62.49 62.45 6.69 7.04
NaEtCalix[4]I 63.04 62.53 7.05 7.14
3.1.2 Standard enthalpy of solution of THAM
The results obtained for the enthalpy of solution of THAM in an aqueous 
solution of HCl (0.1 mol-dm'1 at 298.15 K are smmnaiised in Table 3.1.2. These 
data refer to the process described in Eqn. 2.1 (Experimental Section)
An average value -29.60 kJ mol'^ was obtained which is in good agi'eement 
with the data reported in the literatine (Table 3.1.3)
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Table 3.1.2 Enthalpy of solution of THAM in an aqueous solution of 
hydrochloric acid (0.1 mol dm 1  at 298.15 K, using the Tronac 450 
calorimeter.
THAM
g
c
mol dm^
AH 
kJ mori
0.01666 2.75x10'^ -29.56
0.02153 3.55x10'^ -29.57
0.04512 6.77x10'^ -29,80
A,H° = -29.60 ± 0.13 IcJ mol'‘
Table 3.1.3 Literature data on the standard enthalpy of solution of THAM in
0.1 mol dm^ aqueous solution of hydrochloric acid at 298.15 K
Author AsH" kJ mol^ Reference
Gunn -29.72 ± 0.01 144
h'ving and Wasdo -29.74 ± 0.02 145
Ojelmid and Wadso -29.76 ± 0.02 158
Ghousseini -29.76 ± 0.02 159
Ritt -29.75 ± 0.01 160
Fernandez -29.75 ± 0.03 161
Llosa -29.73 ± 0.09 162
Aguilar -29.78 ±0.13 163
Jafou -29.65 ± 0.09 164
This work -29.60 ±0.13
Having checked the reliability of the Tronac 450 calorimeter, standard 
enthalpies of solution were deteimined and these are now described.
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3.1.3 Standard enthalpies of solution of lithium and sodium ethyl 
/?-/er^-butylcalix[4]arene salts at 298.15 K
In order to proceed with tlie determination of enthalpies of solution of 
lithimii and sodiimi ethyl /7-^e?t-butylcalix[4]arene salts in acetonitrile, tlie following 
dtenninations were carried out,
i) Heat associated with the breaking of empty ampoules in acetonitrile at
298.15 K.
This heat is due to two factors,
a) Evaporation of the solvent in the free space of the ampoule, which is 
dependent on the vapour pressur e of the s o lv e n t /S in c e  the vapour pressure of 
acetonitrile^at 298.15 K is high, the heat associated with this process camiot be 
neglected.
b) Mechanical breaking of the ampoule which is much dependent of the 
thickness of the glass ampoule.
Table 3.1.4 shows the heats of breaking the empty ampoules in acetonitrile at
298.15 K
Table 3.1.4. Heats of breaking of empty ampoules in acetonitrile at 298.15 K 
using the Tronac 450 Calorimeter
No AcetonitrileQ/J
1 0.148
2 0.169
3 0.146
Q = 0.154 ± 0.013 J (average value) 
The standard deviation of the data was calculated fr om
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The experimental value appears to be in reasonable agreement with the 
theoretical value (Q  = 0.1561 although the latter was calculated taking into 
account only the vapour pressur e of the solvent. Since the total heat, Qt, includes the 
heat associated with the solution process, Qs, and that for the ampoule breaking, Qab, 
the value of 0.154 J was used in Eqn. 3.7 to derive the Qs values
Q t= Q s  +  Qab (3.7)
ii) Calorimetric determination of the solution enthalpies of lithium ethyl p- 
teri-butylcalix[4]arene tetraethanoate salts at 298.15 K
Following the NMR and microanalysis characterisation of lithium ethyl 
j!?-^er^-butylcalix[4]arene tetraethanoate salt containing iodide (LiEtCalix[4])I, trifluoro- 
rnethanesulphonate (LiEtCahx[4])CF3S0 3 , bromide, (LiEtCalix[4])Br, tetrafluoroborate, 
(LiEtCalix[4])BF4 and hexafiuoroarsenate (LiEtCalix[4])AsF6 anions, enthalpies of 
solution of these salts at different electrolyte concentr ations, c, in acetonitrile at 298.15 
K were measiu’ed calorirnetrically as described in the Experimental Section 2.1.7.8. 
The concentrations used for the calorimetric runs were dependent on the solubility 
and the rates of dissolution of these salts in this solvent at this temperature. The data 
obtained are reported in tables 3.1.5-3.1.9.
Table 3.1.5 Enthalpies of solution of lithium ethyl /;-teri-butylcalix[4]areiie ester 
iodide (LlEtCalix[4])I in acetonitrile at 298.15 K
c
mol dm'^
AsH 
kJ mol^
6.39x10"^ -19.15
8.30x10'^ -19.99
9.21x10"^ -19.48
1.08x10'^ -19.96
2.12x10'^ -18.85
AsH° — 1 9 . 4 9  ± 0 . 5 0  kJ rnof^(average value)
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Table 3.1,6 Enthalpies of solution of lithium ethyl /;-^er^-butylcalix[4]arene 
ester trifluoromethanesulphonate (LiEtCalix[4 ])CF3S0 3  in 
acetonitrile at 298.15 K
c
mol dm^
AsH 
kJ mol*
3.47 X 10'^ -24.43
6.16x10'^ -25.38
6.48 X 10"* -27.04
7.88 X 10-^ -30.12
1.10 X 10'^ -31.53
AsH°= -13.69 ± 2.03 kJ-mol"  ^ (exti'apolated value)
Table 3.1.7 Enthalpies of solution of lithium ethyl/?-^gr^-butylcalix[4]arene 
ester bromide (LiEtCalix[4])Br in acetonitrile at 298.15 K
c
mol dm^
AsH 
kJ mol *
4.68 X 10"* -29.66
6.57 X 10"* -27.51
8.62x10"* -31.11
1.06 X 10'^ -31.29
1.23x10'^ -30.99
AsH°= -30.11 ± 1.59 IcJ mol'^ (average value)
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Table 3.1.8 Enthalpies of solution of lithium ethyl p-te/t-butylcalix[4]arene ester 
teti afluoroborate (LiEtCalix[4])F4B in acetonitrile at 298.15 K
c
mol dm^
AsH 
kJ mol*
2.20 X 10"* -21.08
2.80 X 10"* -18.77
3.24x10"* -19.87
4.69 X 10"* -22.47
5.89 X 10"* -21.51
5.98 X 10"* -21.76
1.19x10'^ -21.88
2.00 X 10"^ -19.91
3.19 X 10'^ -21.96
AsH°= -21.02 ± 1.23 kJ mol'^  (average value)
T ab le  3.1.9 Enthalpies of solution of lithium ethyl /;-te#f-butylcaUx[4]arene ester 
hexafiuoroarsenate [LiE tC alix[4]]A sF6 in ace to n itrile  a t  298.15 K
c
mol dm^
AsH
kJ mol*
3.49x10"* -19.29
5.93 X 10"* 17.63
6.83 X 10"* -17.02
8.80x10"* -17.41
9.14x10"* -15.80
1.00 X 10'^ -17.17
AsH°= -22.54 ± 1.83 kJ mol'^  (extrapolated value)
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111 cases where variations were foimd in the AsH values with the 
concentration, the standaid enthalpy of solution, AgH° was taken as the value at c = 0 
of a plot of AsH against the square root of the electrolyte concentration, c*^ .^ Such is 
the case for the tiifluoromethanesulphonate and hexafiuoroarsenate salts containing 
the lithium ethyl ^-^er^-butylcalix[4]arene tetiaethanoate cation (Tables 3.1.6 & 
3.1,9). In cases where no systematic variations were observed with changes in the 
electrolyte concentrations, an average value was taken as the standard enthalpy of 
solution. Representative examples of this statement are the data for the lithium 
complex salts containing anions such as iodide (Table 3.1.5) bromide (Table 3.1.7) 
and tetrafluoroborate (Table 3.1.8). The standard deviation of the data is also 
included in these tables for each of the systems involved. These data are summarised 
in Table 3.1.10.
Table 3.1.10 Standard enthalpies of solution of lithium p-t<?r/-biitylcalix[4] arene 
ester salts in acetonitrile at 298.15 K.
Salts AgH°kJmol*
Li[EtCalix[4]]AsF6 -22.54+ 1.83
Li[EtCalix[4 ]]CF3S0 3 -13.69 + 2.03
Li[EtCalix[4]]BF4 -21.02 ±1.23
Li[EtCalix[4]]Br -30.11 + 1.59
Li[EtCalix[4]]I -19.49 ±0.50
In all cases, the enthalpy associated with the dissolution of lithium 
calix[4]arene ester salts is exothermic in acetonitiile. Since the AgH° is made by the 
contribution of the enthalpy associated with (i) the crystal lattice (endothermie 
process) (Eqn. 3.8)
AMLX(sol.) si >MV(g)+X-(g) (3.8)
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and (ii) the solvation enthalpy, AgoivH® (exothemiic process) (Eqn.3.9), as shown in 
the thermodynamic cycle (Eqn.3.10) it follows that in the dissolution of the lithiimi 
complex salts in acetonitiile, the solvation process predominates over the crystal 
lattice process.
MV (g)+X- (g) > MV (s)+X- (s) (3.9)
In order to investigate the themiochemical behavioui" of sodimn ethyl p-tert- 
butylcalix[4]aiene tetraethanoate ester salts relative to litliimn complex salts, 
enthalpies of solution of these salts were also measm*ed calorirnetrically in acetonitrile 
at 298.15 K and this is now discussed.
ML+(g) + X-(g)
MLX(soL) AH'
/LivH'
(3.10)
>M L"(s) + X-(s)
iii) Calorimetric determination of the solution enthalpies of sodium p-tert-
butyl calix[4]arene tetraethanoate salts in acetonitrile at 298.15 K
The calorimetiic determmation of the standard enthalpies of solution of sodium 
complex salts aie those involving iodide, (NaEtCaHx[4])I, tiiduoromethanesulphonate 
(NaEtCalix[4 ])CF3S0 3  and tetrafluoroborate, (NaEtCalix[4])BF4 anions. Tables 3.1.11- 
3.1.13 list the endralpies of solution of tliese salts at various electmlyte concentrations in 
acetonitrile at 298.15 K. The same criteria used for tlie lithium salts in the calculation of 
the standaid enthalpies of solution were used for tlie sodimn salts as shown in these 
tables.
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Table 3.1.11 Enthalpies of solution of sodium ethyl p-tert-butylcalix[4]arene 
ester iodide (NaEtCalix[4])I in acetonitrile at 298.15 K.
c
mol dm^
AgH 
kJ mol*
6 .6 6  X 10"* -40.63
7.29 X 10"* -41.94
8.73 X 10"* -41.55
1.06x10"^ -44.89
AgH = -24.31 ± 1.17 kJmol * (extrapolated value)
Table 3.1.12. Enthalpies of solution of sodium ethyl p-tert-butylcalix[4]arene 
ester trifluoromethanesulphonate (NaEtCalix[4 ])CF3S0 3  in 
acetonitrile at 298.15 K
c
mol dm^
AgH 
kJ mol*
5.01 X 10"* -35.77
8.02 X 10"* -31.76
1.17 X 10'^ -34.69
1.38x10'^ -32.69
1.91 X 10"^ -30.88
AgH° = -38.05 ± 1.61 kJ moF* (exti'apolated value)
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Table 3.1.13 Enthalpies of solution of sodium ethyl p-tert-butylealix[4] arene 
ester tetrafluoroborate (NaEtCalix[4])F4B In acetonitrile at 
298.15 K
c
mol dm'^
AsH 
kJ mol*
4.45 X 10"* -39.76
6.31 X 10"* -41.12
8.45 X 10"* -38.75
1 . 1 2  X 10"^ -43.58
1.32x10"^ -39.64
AgH°— 4 0 . 6 3  ± 1 . 8 8  kJ mol * (average value)
For comparison purposes, AgH° values for litliimn and sodium complex salts 
in acetonitrile at 298.15 K are siunmaiised in Table 3.1.14
It should be noted that in all cases, AgH° values for sodium salts are more 
exothemiic than coiTesponding data for lithium salts which could be attiibuted to the 
higher energy required to break the crystal lattice of the latter relative to the former 
salts.
hr order to derive the standard enthalpies of co-ordination, AcoordH® (Eqn. 
1.11) and for comparison purposes, standard enthalpies of solution of the metal ion 
salts ar e required and this is now discussed.
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Table 3.1.14 Standard enthalpies of solution of lithium and sodium ethyl 
p-^er^-butylcalix[4]arene tetraethanoate salts in acetonitrile at 
298.15 K
Salt AgH"kJ moF*
LiEtCalix[4]I -19.49^
NaEtCalix[4]I -24.31’’
Li EtCalix[4 ]CF3S0 3 -13.69“
NaEtCalix[4] CF3SO3 -38.05“
Li EtCalix[4]Br -29.76'
NaEtCalix[4]Br -
Li EtCalix[4]BF4 -21.02*'
NaEtCalix[4]BF4 -40.63®
Li EtCalix[4] AsFô -22.54*'
Na EtCalix[4] AsFg -
“From Table 3.1.5. ""From Table 3.1.11. "From Table 3.1.6. “From Table 3.1.12. "From Table 
3.1.7. feom  Table 3.1.8. ® froniTable 3.1.13. From Table 3.1.9.
3.1.4 Standard enthalpies of solution of sodium salts in acetonitrile 
at 298.15 K
Tables 3.1.15 - 3.1.18 list the enthalpies of solution of sodium iodide, 
bromide, trifluoromethanesulphonate and tetrafluoroborate in acetonitiile at 298.15 K 
at different electi'olyte concentrations.
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Table 3.1.15 Enthalpies of solution of sodium iodide (Nal) in acetonitrile at 
298.15 K
c
mol dm^
AgH 
kJ mol*
3.75 X 10"^ -27.71
6.14 x 10'^ -27.50
8.67x10'^ -27.02
1.13x10"^ -27.78
1.39 x 10'^ -26.56
AsH°= -27.31 ± 0.51 kJ moF* (average value)
As previously stated, in cases where AgH values vaiy with the electrolyte 
concentration, the standard enthalpy of solution is the value at c = 0 horn a plot of 
AgH against c*'^ . Such is the situation with NaBr and NaBp4. For the remaining salts, 
Nal and NaCFaSOs, the average values are taken as the standard enthalpies of solution 
in acetonitrile at 298.15 K. The AgH° values for NaBr (Table 3.1.16) and Nal (Table 
3.1.15) in this solvent are compared with corresponding data for these salts obtained 
from,
i) The combination of transfer enthalpies of these electrolytes fi'om H2O to 
MeCN; AsH“ (NaBr) (H^O-^MsCN) = -4.60 kJ mol ’, A;H“ (Nal) (HzO^MeCN) = 
-20.08 kj-mol ' and,
ii) The AgH" values of NaBr (-0.42 kJ-mol'’) and Nal (-7.53 kJ-mol-1) in water at
298.15 k ,"5.i59-i65, Yhus, AgH" values values of -  5.02 and -27.61 kJ mol ’ are 
calculated for NaBr and Nal respectively in acetonitiile. Tliese data are in good 
agi'eement wiÜi those o f-3.12 kJ moF* for NaBr (Table 3.1.16) and -27.31 kJ-moF* for 
Nal (Table 3.1.15) found in this work in acetonitiile at the standard temperature of
298.15 K.
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Table 3.1.16 Enthalpies of solution of sodium bromide (NaBr) in acetonitrile at 
298.15 K
c AsH
mol dm"^ kJ mol*
3.11 X 10"* -1.60
6.28 X 10"* -1.60
1.38 X 10'^ -0.66
1.77 X 10'^ 0.13
AgH° = -3.12 ± 0.58 kJ mol * (exti*apolated value)
Enthalpies of solution of sodium trifluoromethanesulphonate
(NaCFsSOs) in acetonitrile at 298.15 K
c AsH
mol dm^ kJ mol*
1.87 X 10"^ -11.79
2.63 X 10'^ -11.73
3.97 X 10'^ -11.84
5.17x10'^ -10.64
6.72 X 10'^ -11.35
AgH°=-11.48+ 0.48 kJ mol * (average value)
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Table 3.1.18 Enthalpies of solution of sodium tetrafluoroborate (NaF4B) in 
acetonitrile at 298.15 K
c
mol dm^
AgH"
kJ mof*
1.48 X 10"^ 0.23
1.76 X 10"^ 0.18
2.28 X 10"^ 0.17
3.00x10"^ 0.23
5.00 X 10"^ 0 .1 2
1.30x10"^ 0.31
2.42 X 10"^ 0.26
AsH° = 0.32 ± 0.03 kJ mol' (extrapolated value)
Therefore, AgH° values for Lil and LiBr in acetonitiile at 298.15 K were 
calculated fi*om a combination of tiansfer enthalpies for LiBr (8.33 kJ-mof*)**^’*^ ’^**^  ^
and for Lil (-7.57 kj-inof*) hom water to acetonitrile and the standard enthalpies of 
solution of tliese salts in water [AgH° (LiBr) = -49.37 kJ mol"*, AgH° (Lil) = -63.18 
kJ-mof*] 1^ 5.159,165 298.15 K
3.1.5 Standard enthalpies of solution of free and complex salts in 
acetonitrile at 298.15 K
hi order to facilitate tlie discussion, the AgH° values for litliimn and sodium 
common salts and Utliium coronand (LiCEX) [CE = 12-crown-4; 12C4; 1-benzyl-1- 
aza-12-crown-4, 1BA12C4, 15-crown-5, 15C5] salts and lithium and sodium cryptate
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(cryptand 222, 222) salts in acetonitiile at 298.15 K together with the data for the 
lithium (Tables 3.1.15-3.1.18) and sodimn (Tables 3.1.11-3.1.13) ethyl p-tert- 
butylcalix[4]ai'ene tetraethanoate salts in the same solvent at the standard temperature 
aie smnmarised in Table 3.1.19. Data shown in tliis Table indicate that standard 
enthalpies of solution of lithiimi and sodium cryptâtes and lithimn coronand salts are 
endothermie in acetonitrile. These data demonstrate that for these compounds, the 
enthalpy related to the crystal lattice process (Eqn. 3.8) predominates over that due to 
the process of solvation (Eqn. 3.9). These results aie in contrast with those found for 
LiEtCalix[4] and NaEtCalix[4] salts.
As far as lithiimi is concerned, imlike its cryptate and coronand salts, the 
dissolution in acetonitrile leads in all cases to negative values for the standard 
enthalpies of solution. In fact for EtCalix[4]X salts containing AsFe' and BFT anions, 
the AgH® values are even more negative than coiresponding data for the lithimn salts 
with the same counter-ion. For electrolytes containing anions such as perchlorate, 
iodide, tiifluoromethanesulphonate and bromide, the AgH° values although negative, 
follow a reverse pattern with a decrease in enthalpic stability for the complex relative 
to the free metal-ion salt.
As far as sodimn salts are concerned, again unlike for the sodium cryptate 
salts, Na222X, the dissolution of salts containing ethyl p-ter^-butylcahx[4]arene 
tetraethanoate in acetonitrile leads to negative AgH° values. The results shown in 
Table 3.1.19 demonstrate that for the systems investigated, the solution enthalpies of 
the calixarene complexes of sodimn are more negative than the corresponding data for 
the free sodimn salt containing the same anion. The higher enthalpic stabilities of 
LiEtCalix[4]X and NaEtCalix[4]X relative to Li222X and Na222X salts may be 
attributed to specific interactions between the ligand in the calix[4]ai*ene complexes 
and the solvent. There is a amoimt of experimental evidence to support this 
statement. The presence of one molecule of acetonitrile in the hydrophobic cavity of 
calix[4]arene complexes have been shown by X-ray crystallographic studies.
84
CHAPTER III RESULTS AND DISCUSSION
Table 3.1.19 Standard enthalpies of solution of alkali-metal free and complex 
salts (lithium and sodium) in acetonitrile at 298.15 K
Compound AgH°kJ mol* Compound
AsH" 
kJ mol*
LiAsFô -18.45“ LiBFa -14.57*"
Lil2C4AsF6 7.17“ Lil2C4BF4 4.74“
LilA12C4AsF6 3.72*" L11A12C4BF4 0.85*"
LiBA12C4AsF6 8.75“ LiBA12C4BF4 11.33“
Lil5C5AsF6 10.62*" Lil5C5BF4 4.18*"
LiEtCalix[4]AsF6 -22.54“ LiEtCalix[4]BF4 -21.0“
L1222BF4 6.7“
NaBF4 0.32“
LiCFsSOs -15.59*" NaEtCalix[4]BF4 -40.63“
Lil2C4CF3S03 15.69“ LiC104 -43.26“
LilA12C4CF3S03 14.66*" Lil2C4C104 1.27“
LÎBA12C4CF3S03 18.96“ LiBA12C4C104 10.23“
Lil5C5CF3S03 9.17*" LiEtCalix[4 ]C104 -9.17'*
LiEtCalix[4 ]CF3S0 3 -13.69“ Li222C104 20.9“
LÎ222CF3S03 18.4“ NaC104 -17.28'*
NaCFsSOg -11.48“
NaEtCalix[4 ]CF3S0 3 -38.05“ NaEtCalix[4 ]C104 -34.62'*
Lil -70.75“ Na2 2 2 C104 i2±r
LiEtCalix[4]I -19.49“
Li222I 11.8“ LiBr -41.04“
Nal -27.31“ LiEtCalix[4]Br -30.11“
NaEtCalix[4]I -24.3“ NaBr -3.1“
Na222I 6.03^ Na222Br 11.96“
“ Ref. 166 '*Ref. 167. " Ref. 157. “ Ref. 116 "Calculated from data given in Ref 156
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The fact that these studies are referred to the solid state does not necessarily 
imply that tlie same situation will be found in solution. However, *H NMR studies of 
ethyl /?-^er^butylcalix[4]arene tetraethanoate, in deuterated acetonitrile have shown* 
significant downfield shifts in the aromatic protons with respect to con*esponding 
studies in deuterated chlorofomi as reported by Danil de Namor and co-workers in 
1991 56 %ggg authors suggested that acetonitrile interacts with the hydrophobic 
cavity of the ligand. Wipff et «/.*^ ’^*^  ^using moleculaf dynamics calculations on the 
interaction of alkali-metal cations and a derivative analogous to EtCalix[4], namely, 
ethyl p-?er^-butyl[4]arene tetraamide, discussed the interaction of the cavity of tliis 
ligand and acetonitrile and its implications on complexation processes. However, the 
fact that there aie no data available on the crystal lattice enthalpies, A^H" of metal 
complexes of these macrocyclic ligands does not allow us draw any definite 
conclusion regarding the thermocliemical origin of these interactions.
Since the enthalpies of complexation of lithium and sodium with EtCalix[4] 
in acetonitrile at 298.15 K have been reported*^ *^  and recently reviewed by Danil de 
Namor et al}^^ and the AgH" value of EtCalix[4] in this solvent at 298.15 K is 
laiown** ,^ the AcoordH" for these systems refeiTed to the process where the reactants 
and the product are in the solid state (Eqn. 1.11, see Introduction) can now be 
calculated and these are now discussed.
3.1.6. Enthalpies of coordination.
Unlike in solution (Eqn.3.5), the co-ordination process involves the 
participation of the counter-ion as shown in Eqn.3.1. Therefore it is useflil to derive 
these data for these systems. Thus, using previously reported values **^ '**^  for the 
standaid enthalpy of solution of EtCalix[4] in acetonitiile at 298.15 K and the 
standard enthalpies of complexation of and Na'^ ’ in this solvent (see Introduction, 
Table 1.4) together with the AgH° values for the free and complex salts in acetonitrile 
previously discussed, the standard enthalpies of coordination were calculated using 
Eqn. 1.11 (see Introduction). Details are given in Table 3.1.20. For comparative 
pui-poses. Table 3.1.21 also lists the AcoordH" for other ligands previously reported.*^^
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As far as EtCalix[4] is concerned, the variations found in the enthalpies of
coordination for the different lithium salts provide an indication about the effect of the
anion in the coordination process, hi systems involving lithium, AcoordH" decreases in
the following order,
r> CIO4' > Br > CF3S0 3 ' >AsFô‘ > BF4' (3.11)
Table 3.1.20 Standard enthalpies of coordination of lithium and sodium ethyl-
/;-rert-butyIcaIix[4] arene tetraethanoate salts at 298.15 K derived
from solution and complexation data in acetonitrile.
Data in kJ mol *.
M""
Aiiion AsH"(JStX'f
A3 "
[(MhEtCalixUllX**"
A3"
M^+EtCaIix[4]
A3"
" EtCalix[4] J AcoordAH”
r -70.75 -19.5 -48.78 22.64 -77.4
CF3SO3 -15.59 -14.0 -48.78 22.64 -27.7
B f -41.04 -29.7 -48.78 22.64 -37.4
BFT -14.57 -21.0 -48.78 22.64 -19.7
AsFe -18.45 -22.5 -48.78 22.64 -22.1
= Na"'
T -27.3 -24.3 -69.20 22.64 -49.5
CF3SO3 -11.5 -38.0 -69.20 22.64 -20.0
BF4- 0.32 -40.6 -69.20 22.64 -5.6
“Ref. 159 'Table 3.1.14 "Ref. 117 '*Ref. 117
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Table 3.1.21 Enthalpies of coordination of lithium and sodium ethyl p-tert- 
butylcalix[4]arene tetraethanoate at 298.15 K 
System AHcoordH®/kJ mol'^
LiAsFfiCsol.) + 12C4(sol.) Lil2C4AsF6(sol.) -50.5^
LiAsF6(sol.) + lBA12C4(sol.) ^  LilBA12C4AsF6(sol.) -52.9^
LiAsFeCsol.) + 15C5 (sol.) -> LilSCSAsFgCsol.) -52.7'’
LiAsFeCsoL) + EtCalix[4](sol.) ^  LiEtCalix[4]AsFeCsol.) -22.1“
LiBF4(sol.) + 12C4(sol.) -> LÎ12C4BF4 (sol.) -45.0^
LiBF4(sol.) + lBA12C4(sol.) ^  LilBA12C4BF4(sol.) -54.8^
LiBF4(sol.) + 15 C5(sol.) ^  Lil5C5BF4(sol.) -47.f
LiBF4(sol.) + EtCalix[4](sol.) ^  LiEtCalix[4]BF4(sol.) -19.7“
LiBF4(sol.) + 222(sol.) Li222BF4(sol.) -18.1“
NaBF4(sol.) + EtCalix[4](sol.) -> NaEtCalix[4]BF4(sol.) -5.6“
LiCF3S03(sol.) + 12C4 (sol.) ^  LÜ2C4CF3SO3 -55.0^
LiCF3S03(sol.) + lBA12C4(sol.) LilBA12C4CF3S03(sol.) -61.6^
LiCF3S03(sol.) + 15C5(sol.) ^  Lil5C5CF3S03(sol) -52.5*’
LiCF3S03(sol.) + EtCalix[4](sol.) -» LiEtCalix[4]CF3S0 3 (sol.) -27.7“
LiCF3S03(sol.) + 222(801.) ^  Li222CF3S03(sol.) -30.9“
NaCF3S0 3 (sol.) + EtCalix[4](sol.) NaEtCalix[4]CF3S03(sol.) -20.0“
LiC104(sol.) + 12C4(sol.) -> Lil2C4 C104(sol.) -68 .8*’
LiC104(sol.) + lBA12C4(sol.) -> LilBA12C4C104(sol.) -78.9*’
LiC104(sol.) + EtCalix[4](sol.) -> LiEtCalix[4](C104(sol.) -60.2“
LiC104(sol.) + 222(sol.) Li222C104(sol.) -61.0“
NaC104(sol.) + EtCalix[4](sol.) ^  NaEtCalix[4]C104(sol.) -31.9^
NaC104(sol.) + 222(801.) ^  Na222C104(sol.) -58.1“
LiI(sol.) + EtCalix[4](sol.) —> LiEtCalix[4]I(sol.) -77.4“
LiI(sol.) + 222(sol.) -> Li222I(sol.) -79.4
NaI(sol.) + EtCalix[4](sol.) ^  NaEtCalix[4]I(sol.) -49.5“
Nal(soL) + 222(sol.) Na222I(sol.) -61.4
LiBr(soL) + EtCalix[4](sol.) -» LiEtCalix[4]Br(sol.) -37.4“
NaBr(soL) + 222(sol.) -> Na222Br(sol.) 43.1“
“Ref. 157, *’Ref. 167,166-173, "Ref. 156, ' "*Ref. 116 (average of datainMeCN andPhCN)
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The same sequence is found for the systems containing sodium. Among 
those investigated,
r >  C IO T  >  CF3SO3" >  B F T  (3.12)
S tra u s s s ta te d  that anions containing fluorine atoms available for 
interaction are generally more wealdy co-ordinating ions that those with accessible 
oxygen atoms. This is in accord with the sequence found hi the AcoordH° in that for a 
given cation, salts containing the perchlorate anion are characterised by a higher 
enthalpic stability than those involving fluorine containing counter-ions.
The availability of polarisability data for iodide (7.95 Â) and bromide 
(5.89 Â)*^ "* indicates that this parameter may be contributing to the higher co­
ordination entlialpies obseiwed for the systems involving the iodide relative to that 
containing the bromide ion. Preliminary studies carried out at the Thermochemistry 
Laboratory*on the interatomic distances between the lithium cation and the anion 
detennined after geometry optimisation of the litliiiun complex salt in vacuo using 
quantic and molecular calculations*^^ and extended Hilckel p ro g ram * in  the 
Hyperchem 3 suite Hypercube show that the distances between the différents anions 
and the lithium cation in the complex for a  = 0 .0 1 , follows the sequence,
r >  C IO 4' >  C F3SO 3' > A sF6‘ >  B F T  (3.13)
although this trend miiTors that found hi terms of AcoordH® (see Table 3.1.20 & 3.1.21) 
the latter is referred to the solid state.
Comparison of data for EtCalix[4] with those shown in Table 3.1.21 for other 
ligands reflects that for the systems containing cryptand 2 2 2  salts, values for the 
AcoordH® are very close to those for EtCalix[4]. This is not the case for the lithium 
coronarid salts where much higher co-ordination enthalpies are observed relative to 
222 and EtCalix[4] particularly for systems involving fluorine containing anions. A 
possible explanation of these data may be that a direct interaction between the lithimii 
cation and the counter-ion takes place in litliiurii coronarid complexes which is less
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likely to occur in systems involving EtCalix[4] and 222 ligands. Tliis is in contrast 
with metal-ion complexes of EtCalix[4] and 222 ligands since these ligands are 
characterised by cavities rather than holes as in the case of the crown ethers.
Although there is not enough data for NaEtCalix[4]X and Na222X and 
nothing has been reported on the AcoordH® of sodium salts and crown ethers, available 
data shown in Table 3.1.21 for NaEtCalix[4 ]C104 and Na2 2 2 C104 and for 
NaEtCalix[4]I and Na222I appear to indicate that the systems containing EtCalix[4] 
are enthalpically less stable than those involving ciyptand 222. In all cases, systems 
containing the same anion and the same ligands show a decrease in the enthalpic 
stability in moving from lithium to sodium. Tliis may be attributed to the higher 
char ge density of the former relative to the latter.
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Conclusions
From the results discussed above the following conclusions can be drawn
i) As far as standard solution enthalpies are concerned, unlike for electrolytes 
containing crown ethers and cryptands for which the crystal lattice predominates over 
the solvation process (AgH® values are positive), for ethyl /?~?err-butylcalix[4]arene 
containing electrolytes, solution enthalpies are negative.
The availabihty of crystal lattice enthalpies for these new salts involving 
macrocyclic ligands would help to elucidate further the thermochemical nature of the 
solution process.
ii) For systems containing the same cation and different anions, (T, CIO4', 
CF3SO3", BF4', Br", and AsF6‘), enthalpies of coordination reflect the aniorr effect.
iii) For systems corrtaining the same anion and different cations, (Li^ and Na"*") the 
cation effect is also reflected in the coordination data.
Finally, coordination data for each of these systems can be used in 
conjunction with standar d enthalpies of solution for the free and complex electr'olytes 
and the ligand in media of low permitivity to derive the complexation enthalpies of 
these cations and these ligands in these media. These data carmot be obtained directly 
as discussed by Danil de Namor et. due to the likely formation of ion-pairs
between the free and complex cation and the anion in a low dielectric medium.
Research carried out on the interaction of pyridinocalix[4]arenes and alkali- 
rnetal cations is discussed in the following section.
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3.2 Pyridinocalix[4]arene Derivatives
As pointed out in the Introduction of this thesis, pyridinocalix[4]arene 
derivatives have received considerable attention in recent years. The synthesis and 
properties of these ligands have been extensively discussed by Bottino et 
(Fig. 3.2 la) and by Shinlcai et (Figs. 3.2 lb , Ic).
la lb Ic
Fig. 3.2.1 Structures of pyridmocaIix[n] arenas
However few investigations have been earned out on the solution 
thermodynamics*^^ or indeed on the stability constants and standard Gibbs energies, 
AcG°, enthalpies, AcH° and entr opies, AcS° of complexation of these ligands and metal 
cations in solution.
The results presented in this section will be discussed under the following 
headings,
3.2.1
3.2.2
The *H NMR characterisation of 2-PyrCalix[4] and 3-PyrCalix[4] in 
acetonitrile (CD3CN) and chloroform (CDCI3) at 298 K.
Solubility data and derived standard Gibbs energies of solution of 
pyridinocalix[4]arene derivatives in different solvents.
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3.2.3 Complexation studies.
a) NMR measm*ements involving 2-PyrCalix[4] and metal cations in
CD3CN.
Conductance measurements.
Potentiometric measurements.
Calorimetric studies. Tlieiinodynamics of complexation.
b)
c)
d)
3.2.4 X-Ray diffraction studies of metal-ion complexes.
3.2,1 H NMR characterisation of 2-PyrCalix[4] in CD3CN and 
CDCI3 and 3-PyrCaIix[4] in CD3OD and CDCI3 at 298.15 K.
Both ligands, 2-PyrCalix[4] and 3-Pyi*Calix[4] were synthesised according to 
the procedure described in the Experimental Section (2.3.1 and 2.3.2).
NMR measiuements of 2-PyiCalix[4] were canied out in CD3CN, 
(Fig.3.2.2) and CDCI3 (Fig. 3.2.3) at 298 K
aJl jL
T
Fig. 3.2.2 ‘H NMR characterisation of 2-PyrCalix[4] in C D 3 C N  at 298 K
The more relevant feature of the 'H NMR spectra of 2-PyrCaKx[4] in these 
solvents is the non-equivalence shown by the axial and equatorial protons of the
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methylene bridge reflected by the pair of doublets which indicate that this compound 
in CD3CN and in CDCI3 adopts a ‘cone’ confonnation.
Fig. 3.2.3 H NMR characterisation of 2-Pyr-Calix[4] in C D C I3  at 298 K
Fig. 3.2.4 shows the NMR spectium of 3-PyrCalix[4] in CD3OD at 298 
K. Again the pair of doublets foimd for the methylene bridge corresponding to the 
axial (Ô = 4.01 ppm) and equatorial (5 = 2.61 ppm) protons indicate that tliis ligand is 
also foimd in a ‘cone’ conformation in this solvent. The same confonnation is also 
found for this ligand in CDCI3 as shown in Fig. 3.2.5.
Fig. 3.2.4 H NMR characterisation of 3-PyrCalix[4] in C D 3 O D  at 298 K
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— ,
Fig. 3.2.5 H NMR characterisation of 3-PyrCalix[4] in C D C I3  at 298 K
Having established the confonnation of these ligands in these solvents, 
solubility studies were canied out and these ar e now discussed.
3.2.2 Solubility data and derived standard Gibbs energies of
solution of pyridinocalix[4]arene derivatives.
Solubility data for macrocycles in a variety of solvents ar e useful for,
i) The selection of the solvent to be used for complexation studies.
ii) The calculation of the standard Gibbs energies of solution, AgG°, and, in 
particular, their transfer Gibbs energies, AtG° from a reference solvent to 
another solvent. The latter thermodynamic parameter reflects the difference 
in the solvation of a solute between two solvents and therefore, this 
laiowledge is relevant in assessing the rnedimn effect on the complexation 
process.
iii) Searching the practical applications of these ligands in solvent extraction 
processes involving metal cations.
The solubility of 2-PyrCalix[4] and 4-PyiGalix[4] in various solvents at
298.15 K were determined at the Thermochemistry Laboratory by Mrs. Nawar
95
CHAPTER III RESULTS AND DISCUSSION
Al-Rawi and Dr. Aguilar Cornejo; respectively. In this thesis, solubility data for 
3-Pyi'Calix[4] in several solvents at 298.15 K were determined and these are reported 
in the Table 3.2.1. The standard deviation of the data is also reported in this Table. 
These were calculated using the expression given in Eqn. 3.8 (see Results and 
Discussion).
Given that 2-PyrCalix[4] is a non-electrolyte (neutral ligand), AsG° was 
calculated from Eqn. 3,14
AsG° = -RT In S (3.14)
In this equation, R, T and S denote the gas constant, the absolute temperature 
in Kelvin (K) and the solubility (mol dm'^), respectively. Gibbs energy values are 
referred to the standard state (1 mol driT )^. These calculations are valid for cases in
wliich solvate formation is not detected when the solid is exposed to a saturated
atmosphere of the solvent. In order to assess the difference in solvation of 
3-PyrGalix[4] in two solvents, the standard transfer Gibbs energy, AtG°, is calculated. 
For this purpose, acetonitrile was chosen as the reference solvent. Therefore AtG° 
values are referred to the process,
3-PyrCalix[4] (MeCN) ----- > 3-PyrCalix[4] (s) (3.15)
For comparative purposes, AtG° values for the other two regio isomers,
2-PyrCalix[4] and 4-Pyr*Calix[4] are listed in Table 3.2.2, together with corTesponding 
data for 3-PyiGalix[4]. As far* as 3-PyrCalix[4] is concerned, the results show the 
following solvation pattern,
MeOH > PhCN = EtOH > DMF > MezCO > MeCN > 1-BuOH (3.16)
For 4-PyrCalix[4] the pattern obser*ved is as follows,
MeOH > PhCN > EtOH > MeCN > DMF (3.17)
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Both patterns differ between each other and aie significantly different from 
that observed for 2-PyrCalix[4] as shown below,
l-ButOH> 1-PrOH > PhCN > EtOH > PhNOz > DMF > MeOH > MeCN > PC (3.18)
Table 3.2.1 Solubility and derived standard Gibbs energies of 
3-PyrCalix[4] in various solvents on the molar scale at 298.15 K
Solvent Solubility mol dm^ kJ mol'
AtG“(MeCN-+s) 
kJ mol"^
MeOH (4.19 + 0.01) 10'^ 7.86 ± 0.01 -6.14
EtOH (2.80 + 0.01) 10'^ 8.86 ±0.01 -5.14
1-BuOH (2.33 ± 0.10) 10'^ 15.03 + 0.11 1.03
DMF (8.18 ±0.10) 10'^ 11.91+0.03 -2.09
MeCN (3.53 ± 0.01) 10'^ 14.00 ±0.01 0
PhCN (3.01 + 0.20) 10'^ 8.68 ±0.17 -5.32
MezCO (6.25 ± 0.20) 10'^ 12.58 ±0.08 -1.42
Abbreviations used: Methanol, MeOH; etlianol, EtOH; 1-Butanol, 1-BuOH;
N,N-dimethylformaniide, DMF; acetonitrile, MeCN; benzonitrile, PhCN and acetone; Me2C0
As far as the transfer of these ligands fiom acetonitrile to protic solvents 
(MeOH, EtOH, 1-PrOH, 1-BuOH) is concerned, two different patterns are observed.
The results in Table 3.2.2 show that as the hydiophobic nature of the 
aliphatic chain of the alcohols increases on going fiom MeOH to 1-BuOH, the 
interaction between 2-PyrCalix[4] and the solvents also increase. Thus, the solvation 
pattern follows the sequence: 1-BuOH > 1-PrOH > EtOH > MeOH while the opposite 
ti'end is obseiwed for 3-Pyi'Calix[4] and 4-Pyi'Calix[4].
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Table 3.2.2 Solubility and derived standard Gibbs energies of solution of 
2-PyrCalix[4], 3-PyrCalix[4], and 4-PyrCalix[4] in various solvents
on the molar scale at 298.15 K.172
Solvent Solubility mol dm"^
A,G" 
kJ mol"^
AtG°(MeCN->s) 
kJ mol"^
2-PyrCalix[4]
MeOH 1.24 ± 0.03) X 10'^ 16.59 ±0.06 -2.76
EtOH (5.73 ± 0.08) X 1 0 ' 12.80 ±0.04 -6.55
1-PrOH (2.26 ± 0.01) X 10'^ 9.39 ±0.01 -9.96
1-BuOH (3.74 ± 0.05) xlO'^ 8.15 ±0.04 -11.20
DMF (1.88 ± 0.04) X 10 ' 15.56 ±0.06 -3.79
MeCN (4.08 ± 0.04) X 1 0 " 19.35 ±0.03 0
PC (3.44±0.19)x lO'^ 19.77 ±0.14 0.42
PhCN (1.05 ± 0.03) X 10'^ 11.30 ±0.07 -8.05
PliNOz (2.58 ± 0.02) X 10 ' 14.77 ±0.02 -4.58
CH2CI2 very soluble - -
3-PyrCalix[4]
EtOH (2.80 ± 0.01) X 10*^ 8.86 ±0.01 -5.14
1-ButOH (2.33 ± 0.10) X 10'^ 15.03 ±0.11 1.03
DMF (8.18 ± 0.10) X 10'^ 11.91 ±0.03 -2.09
MeCN (3.53 ± 0.01) X 10"^ 14.00 ±0.01 0
PhCN (3.01 ± 0.20) X 10'^ 8.68 ±0.17 -5.32
MezCO (6.25 ± 0.20) X 10'^ 12.58 ±0.08 -1.42
4-PyrCalix[4]
MeOH (1.68 ± 0.01) X 10'^ 10.13 ±0.02 -5.88
EtOH (8.60 ± 0.13) X 10’^ 11.79 ±0.04 -4.22
DMF (1.20 + 0.05) X 10'^ 16.67 ±0.11 0.66
MeCN (1.57 db 0.10) X 10'^ 16.01 ±0.16 0
PhCN (9.72 ± 0.18) X 10'^ 11.49 ±0.05 -4.52
Abbreviations used: propylene carbonate, PC; 1-propanol, 1-PrOH; nitrobenzene, PI1NO2 ; 
dicMoroniethane, CH2 CI2 . For otlier solvents see Table 3.2.1
98
CHAPTER III RESULTS AND DISCUSSION
Given that the strength of hydrogen bond formation depends on the acidity of 
the proton donor and the basicity of the proton acceptor, the tiend obseiwed for
3-PyiGalix[4] and 4-PyrCalix[4] is not unexpected. There are literature reports 
providing evidence that the pyridine ring interacts with alcohols via hydiogen bond 
formation.
X-Ray analysis of 2-PyrCalix[4]^’^ ° has shown that methanol is hydrogen 
bonded to one of the pyiidyl nitrogens and is located in an “exo” position relative to 
the hydrophilic cavity. As discussed by Danil de Namor et al}^^ these data are 
referred to the solid state and may or may not apply in solution but the results 
imambiguously demonstrate that the solvation of these ligands by the alcohols is 
strongly dependent on the position of the pyridyl nitrogens relative to the ether 
oxygen atoms of the calix[4]arene. Amongst the dipolar aprotic solvents (DMF, 
MeCN, PhCN) in which solubility data are available for the tluee regio isomers, 
PhCN offers the best solvating mediiun for these ligands. Selective solvation follows 
the sequence,
2-PyrCalix[4] > 3-PyrCalix[4] > 4-PyrGalix[4] (3.19)
Having determined the solubility of these ligands in the various solvents, 
their complexation properties with metals cations were investigated in acetonitrile and 
in benzonitrile at 298.15 K and these ar*e discussed in the following section.
3.2.3 Complexation studies
Several techniques were used to investigate the complexation of pyridino 
calix[4]arene derivatives and alkali and silver metal cations. For these studies, 
acetonitrile and benzonitrile were the solvents selected. The choice of these solvents 
was based on the following facts.
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i) The ligands aie soluble enough in these solvents as to proceed with these 
studies, hi addition, alkali metal and silver salts at low concentrations are 
flilly dissociated in acetonitrile and in benzonitrile.
ii) Benzonitrile and water have very low mutual solubility. Therefore, direct 
partitioning of these electrolytes in the presence and in the absence of these 
ligands can be carried out in this solvent system.
iii) Complexation data for calix[4]ai*ene derivatives other than pyridino- 
calix[4]arenes and metal cations in these solvents are available in the 
literature^ ^ 6,i i7,i56,iso.isi therefore for comparative pmposes these data are 
useflil.
The aim of each technique used in these investigations is described as
follows,
i) NMR measiuements were earned out in an attempt to identify the sites of 
complexation of the ligand with the metal cation as well as the kinetics of the 
complexation process.
ii) Conductance studies were performed in order to establish the composition of 
the metal-ion complexes in the appropriate solvent.
iii) Potentiometric measurements were used to derive the stability constant of the 
complex and the derived standard Gibbs energy of complexation.
iv) Calorimetric titrations provided not only the complex stability but also the 
standard enthalpy and entropy accompanying tire complexation reaction 
between the calix[4]arene derivative and the metal cation in the appropriate 
solvent.
Based on stability constant data, two complexes of 2-PyridinoCalix[4]ar*ene 
were isolated and their structures were determined by X-ray diffraction studies at the 
National University of La Plata (Argentina) and at the Institute of Physics of San 
Carlos (Brazil).
hi the following section NMR measiuernents of 2-Pyr*Calix[4] and metal 
(I) cations in CD3CN at 298 K are discussed.
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i) H NMR measurements involving 2-PyrCaIix[4] and metal cations in
acetonitrile at 298 K
NMR measurements in CD3CN at 298 K were canied out as described in 
the Experimental Part. The results obtained for litliium, sodium, potassium, rubidium 
and silver perchlorates and 2-Pyi*Calix[4] are listed in Table 3.2.3 where the chemical 
shifts (5 in ppm) of 2-Pyi'Calix[4] are given together with the shift variations (Aô in 
ppm) found by the addition of the various metal cations to the ligand. Thus, the 
addition of lithium to 2-PyrCalix[4] results m an up field shift (A5 = 0.21 ppm) of the 
axial protons while the equatorial protons were deshielded by 0.15 ppm. As a result, 
the shift difference between the pair of doublets decreases from the free (1.29 ppm) to 
the complexed (0.93 ppm) ligand. The most significant changes in the chemical shifts 
were those observed for the resonances of the 3-pyiidyl protons which show an 
upfield shift of 0.39 ppm. This fact suggests that the nitrogen atoms aie involved in 
the complexation process. Chemical shift variations were also observed for the 
resonances of the 4-pyridyl and 5-pyiidyl protons, which are deshielded with Aô 
values of 0.19 and 0.22 ppm, respectively. It was also noted that the resonance 
positions of the p-tert~hwiy\ and 6 -pyiidyl protons remain virtually unchanged.
An important point concerning these measiuements is the fact that the 
resonances of the protons of the complexed ligand obtained at the various time 
intervals from 30 minutes to ten days remained unchanged, implying that the kinetics 
of the complexation process in this solvent is fast. This is also supported by the sharp 
peaks obtained throughout die experiments, which contrast with the initial broadening 
fomid by Pappalai'do et al.^^ in CDCI3. Comparatively, fast kinetics were obtained in 
the conductimetric and microcalorimetric titrations in acetonitrile and benzonitiile 
discussed below.
Addition of sodium, potassiimi, mbidium and silver to 2-PyrCalix[4] in 
CD3CN followed precisely the same pattern. Upfield shifts for the axial and 3-pyridyl 
protons were 0.21 and 0.39 ppm respectively for lithium; 0.22 and 0.40 ppm for Na^; 
0.22 and 0.39 for ; 0.23 and 0.39 for Rb^, and for Ag"^  0.22, and 0.19 ppm.
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Downfield shifts for the equatorial, 4 and 5-pyridyl protons were 0.15. 0.19 
and 0.22 ppm respectively for lithium; 0.18, 0.09 and 0.24 ppm for N a\ 0.17, 0.09 
and 0.19 ppm for 0.16, 0.12; 0.21 ppm for Rb^ and for Ag"*" 0.14,0.15, 0.11 ppm.
As far as silver is concerned, it is observed that the separation between the 
axial and equatorial protons of the methylene bridge decreases from 1.29 ppm for the 
fi*ee to 0.75 ppm for the complexed ligand which is a more pronounced change than 
that observed for the sodium cation and the 2-Pyi'Calix[4] hgand in this solvent as 
discussed above.
Table. 3.2.3 Summary of H NMR chemical shift changes (ppm) for 
2-PyrCalix[4] metal-ion complexes with respect to the free ligand in 
C D 3 C N  at 298 K
5
Protons LigandÔ
Lithium
A8
Sodium
AS
Potassium
A6
Rubidium
AÔ
Silver
AÔ
Axial 4.30 0.21 0.22 0.22 0.23 0.22
Equatorial 3.01 -0.15 -0.18 -0.17 -0.16 -0.14
3-pyridyl 7.48 0.39 0.40 0.39 0.39 0.19
4-pyridyl 7.66 -0.19 -0.09 -0.09 -0.12 -0.15
5-pyridyl 7.21 -0.22 -0.24 -0.19 -0.21 -0.11
6-pyridyl 8.47 0.01 0.00 0.00 0.02 0.02
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ii) Conductance Measurements
a) Determination of the cell constant
As explained earlier, conductance measurements were perfomied to 
determine the composition of the metal-ion complexes in acetonitrile and in 
benzonitrile at 298.15 K. Before proceeding with the results of conductimetric 
titrations, the cell constant (1/A) of the conductivity cell used in the experimental work 
was detennined by the use of Lind, Zwolenik and Fuoss^ ^® (Eqn. 2.10)
Concentiations of KCl (0.9994 mol dm'^) in aqueous solutions and specific 
conductivity data, R:(n"  ^ cm'^) and derived A„, (O*^  cm^mof^) at 298.15 K are listed
in Table 3.2.4. These data were used to calculate the cell constant, 1/A (cm‘^ ). 
Conductance readmgs were conected for the contribution of tlie solvent wliich, in tliis 
case was fireshly de-ionised water k ~  1.84 x  10'^  cm '\ A cell constant value of 
1.11 ± 0.01 cni% wliich is the average of the 1/A values listed hi Table 3.2.4 was found.
Table 3.2.4 Conductance data for aqueous solution of KCI at different 
concentrations at 298.15 K for the determination of cell constant.
[KCl] Conductance i a 1/A
mohdm-' a - ' cm"'
5 . 3 4 X 10'^ 0 . 6 9 X 10-3 0 . 6 9 X 10-3 1 4 3 . 3 6 1 .1 2
1 0 .6 5 X 10'^ 1 .3 4 X 10*3 1 .3 4 X 10-3 1 4 1 . 0 4 1 .1 2
1 5 .5 1 X 10'^ 1 .9 4 X 10-3 1 .9 3 X 10-3 1 3 9 . 5 7 1 .1 2
1 9 .8 3 X 10-3 2 . 4 7 X 10-3 2 . 4 7 X 10-3 1 3 8 .5 5 1 .1 1
2 3 . 4 3 X 10-3 2 . 9 2 X 10-3 2 . 9 2 X 10-3 1 3 7 .8 5 1 .1 1
2 6 . 7 4 X 10"3 3 . 3 2 X 10-3 3 . 3 2 X 10 '3 1 3 7 . 2 9 1 .1 1
2 9 .9 1 X 10-3 3 .7 1 X 10*3 3 .7 1 X 10-3 1 3 6 . 8 2 1 .1 0
3 2 . 7 8 X 10-3 4 . 0 6 X 10-3 4 . 0 6 X 10"3 1 3 6 . 4 4 1 .1 0
3 5 . 2 5 X 10-3 4 . 3 6 X 10-3 4 . 3 6 X 10-3 1 3 6 . 1 4 1 .1 0
3 7 . 7 5 X 10-3 4 . 6 6 X 10-3 4 . 6 6 X 10-3 1 3 5 . 8 7 1 .1 0
4 0 . 1 2 X 10-3 4 . 9 5 X 10-3 4 . 9 5 X 1 0'3 1 3 5 . 6 4 1 .1 0
4 2 . 3 9 X 10"3 5 . 2 2 X 10-3 5 . 2 2 X 10-3 1 3 5 .4 3 1 .1 0
4 4 . 3 7 X 10-3 5 . 4 6 X 10-3 5 .4 5 X 10-3 1 3 5 . 2 7 1 .1 0
4 6 . 2 2 X 10-3 5 . 6 8 X 10-3 5 .6 8 X 10-3 1 3 5 .1 3 1 .1 0
4 7 . 9 7 X 10-3 5 . 8 9 X 10"3 5 .8 8 X 10-3 1 3 5 . 0 0 1 .1 0
4 9 . 3 2 X 10-3 6 .0 5 X 10"3 6 .0 5 X 10-3 1 3 4 .9 1 1 .1 0
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b) Conductimetric titrations of lithium, sodium, and potassium 
(perchlorate as the counter-ion) with 2-PyrCalix[4] in acetonitrile and 
benzonitrile at 298.15 K.
Conductimetric data for the titration of 2-PyiCalix[4] with lithium, sodium, 
potassium in acetonitrile and lithium, sodiiun, potassimn and mbidiiun in benzonitrile 
at 298.15 K are shown in Appendix A. Plots of A„, against the ligandication ratio for
litliium and sodhun are shown in Figs. 3.2.6 and 3.2.9. Initial A,„ values for alkali 
metal cation perchlorates in acetonitrile at the concentrations shown in Appendix A in 
the absence of the ligand at 298.15 K ai*e within the values expected, hideed the molar 
conductances at infinite dilution A°„, for LiC104, NaC104, and KCIO4 in acetonitrile 
reported en the literatine are 173.0, 180.6 and 187.39 cm^ moF  ^ respectively at
298.15 K.182
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Fig. 3.2.6 Conductimetric curve for the titration of lithium (as perchlorate) with 
2-PyrCaIix[4] in acetonitrile at 298.15 K
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Fig. 3.2.7 Conductimetric curve for the titration of sodium (as perchlorate) 
with 2-PyrCalix[4] in acetonitrile at 298.15 K
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Conductimetric curve for the titration of lithium (as 
perchlorate with 2-PyrCalix[4] in benzonitrile at 298.15 K
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Fig 3.2.9 Conductimetiic cuiwe for the titi’ation of sodium (as perchlorate) >vith 2- 
PyrCalix[4] in benzonitrile at 298.15 K
Several interesting featines are shown in the conductimetric titration ciu'ves 
wliich are detailed as follows,
i) The clear change in values observed in both solvents at the point where
the ligandimetal cation ratio reaches unity indicates that the complex 
stoichiometry for 2-PyrCalix[4] and litliiiun and sodimii is 1:1 in these 
solvents.
ii) The sharp brealc observed in the titration of lithium, sodiiun and silver with 
2-Pyi'Calix[4] in MeCN and PhCN indicates the fonnation of strong 
complexes. However, the continuous vaiiation wliich is observed for the 
titration of the potassiimi cation with 2-PyrCalix [4] (see Appendix A) 
strongly suggests that relatively weak complexes between this ligand and this 
cation in both solvents aie fomied.
iii) The decrease in electiical conductance by ligand addition imambiguously 
demonstrates that the mobility of the complex cation decreases, wliich may
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be attributed to an increase in its size relative to that of the solvated free 
cation.
iv) The kinetics of complex formation of 2-Pyi*Calix[4] and these cations is fast.
This statement is based on the stable readings which were obtained in the 
conductimeter soon after the addition of the ligand to the metal-ion salt. 
These findings corroborate those obseiwed in the NMR measurements 
where no shift changes were found a few minutes after the metal-ion salt was 
added to the ligand dissolved in CD3CN.
Having established the composition of the complex, potentiometric titrations 
were canied out for the deteiinination of the stability constants of alkali metal and 
silver cations and 2-Pyi'Calix[4] in acetonitiile at 298.15 K. These data are now 
discussed.
iii) Potentiometric measurements
Potentiometiic titrations using the silver electrodes were canied out to 
detennine the stability constants (log Kg) of 2-PyiCalix[4] and alkali and silver metal 
cations in acetonitiile at 298.15 K.
Following the procedure described in the Experimental Section (2.6), the 
calibration of the Ag/AgCl electrode was carried out in acetonitiile at 298.15 K. 
Thus, Table 3.2.11 (Appendix B) lists representative values for the concentrations of 
silver (I) used in this experiment and the potential readings (mV). A plot of E against 
-log [Ag"^ ] is shown in Fig. 3.2.10. The straight line of slope equal to 59.94 mV 
indicates the Nemstian behaviom* of the electrode.
For the potentiometric deteiinmation of the stability constant of 2- 
PyrCalix[4] and Ag"*" in acetonitrile using concentiations of Ag"^  of 1.5x10'^ inol dm'^, 
the potential readings (in mV) and the ligandimetal cation ratios are listed in Table 
3.2.12. Typical potentiometric titration cuiwes showing the potential changes against 
ligandimetal cation ratios aie shown in Figs. 3.2.11-3.2.13. As predicted from
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Eqn. 2.16, as the concentration of free silver cation in the solution decreases, a drop in 
the potential is observed (see Fig. 3.2.11).
Potential changes obseiwed by the addition of lithium, sodium, potassium and 
rubidium (as perchlorates) to the solution of the Ag^2-PyiCalix[4] complex in 
acetonitrile at 298.15 K are recorded in Tables 3.2.13-3.2.16 (see Appendix B). 
Representative potentiometric ciu'ves for the titration of the silver complex with 
litliiiun and sodium in acetonitiile at 298.15 K are shown in Figs. 3.2.12 and 3.2.13, 
respectively. As the concentration of free silver increases by the fonnation of the 
alkali metal complex, the potential mcreases as shown in Eqn. 2.18. For the 
calculation of the constants of silver (I) (Eqn. 2.17) and alkali metal cations with 
2-PyrCalix[4] (Eqn. 2.21) a progiam called POTK23.BAS developed at the 
Themiochemistry Laboratory^was used.
Table 3.2.11 Potentiometric data for the electrode calibration in acetonitrile at 
298.15 K.
[AgNOs] 
mol dm'^
Volume/
(cm )^
[Agi 
mol dm^ -log[Ag1 E(mV)
0.03 X 10'^ 25.03 0.02 X 10'^ 5.70 -167.70
0.07 X 10'^ 25.07 0.04 X 10'^ 5.40 -147.70
0.10 X 1 0 ’^ 25.10 0.06 X 10"* 5.22 -136.60
0.13 X 10'^ 25.13 0.80 X 10'^ 5.10 -129.00
0.17 X 10’^ 25.17 1.00 X 10‘^ 5.00 -123.50
0.20 X 10'^ 25.20 1.19 X 10'^ 4.92 -118.80
0.23 X 10'^ 25.23 1.39 X 10"^ 4.86 -114.90
0.27 X 10'^ 25.27 1.59 X 10'^ 4.80 -111.30
0.30 X 10 25.30 1.79 X 10'^ 4.75 -108.20
0.33 X 10'^ 25.33 1.98x10"^ 4.70 -105.30
0.37 X 10 25.37 2.18 X 10'^ 4.66 -102.60
Stability constant data for the alkali metal (Li^, N a\ and Rb^) and silver 
(Ag^ cations with 2-Pyi'Calix[4] in acetonitrile at 298.15 K are listed in Table 3.2.17. 
Since the magnitude of the stability constants of these metal cations and this ligand
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are well within the scope of calorimetry, this teclmique was used to coiToborate these 
values. In addition, the calorimetric teclmique offers the possibility of deriving 
entlialpy data. Therefore, Gibbs energy, enthalpy, and entiopy of complexation can be 
obtained hom calorimetric data. Thus, the thennodynamics of complexation of 
2-Pyi*Calix[4] and metal cations in acetonitrile and benzonitrile at 298.15 K is 
discussed in the following section.
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Fig. 3.2.10 Calibration of the Ag electrode with Ag  ^in acetonitrile at 298.15 K.
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Fig. 3.2.11 Potentiometric titration curve for silver (as nitrate) with 
2-PyrCalix[4] in acetonitrile at 298.15 K
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0 1 ^ 2 ^ 3  4 5[Lf]/[Ag'*‘2-PyrCalix[411
Fig. 3.2.12 Potentiometric titration of Ag’*^2-PyrCaIix[4] complex with lithium 
(as perchlorate) in acetonitrile at 298.15 K
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Fig. 3.2.13 Potentiometric titration of Ag’^ 2-PyrCaIix[4] complex with sodium 
(as perchlorate) in acetonitrile at 298.15 K
iv) Calorimetric studies. Thermodynamics of complexation
Attempts to determine the stability constants (log Kg) and the enthalpies of 
complexation, (AcH°) for 2-PyiCalix[4] and alkali metal and silver cations in
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acetonitiile at 298.15 K with TRONAC 450 calorimeter were not successflil due to 
the low solubility of 2-Pyi'Calix[4] in this solvent at tliis temperature. This was 
overcome by the use of the isothermal titration microcalorimeter TAM (2.7; see 
Experimental Section) which offers both, a liigh sensitivity and the capacity to 
monitor fast and slow process^These measui'ements were canied out by Miss O. 
Jafou at the Thennochemistiy Laboratory since she was in chai*ge of operating this 
equipment. All the solutions required for these measurements were part of the work 
presented in this thesis. Microcaloiimetiic data are given in Appendix C (Tables 
3.2.21-2.2.27). Stability constants (log Kg) and derived standard Gibbs energies, 
AcG°, enthalpies, AcH° and entropies, AcS° of complexation of alkali metal (Li^, Na^, 
Rb^ in MeCN and Li^, Na% in PhCN) and silver cations with 2-PyrCalix[4] in 
acetonitrile and benzonitrile at 298.15 K detennined by titration microcalorimetry are 
listed in Table 3.2.17. These data are referred to the process,
M^ (s) + 2-Pyi-Calix[4] (s) ----- > M 2-Pyi*Calix[4]  ^(s) (3.20)
Also included in this table aie the log Kg values in acetonitrile obtained by 
tlie competitive potentiometric method previously described (see Table 3.2.17). Since 
good agreement is foimd between the data obtained by two independent methods, an 
average is used to calculate AcG° values. The standard deviation of the data is also 
included in Table 3.2.17. Attempts to detennine the thennodynamics associated with 
the complexation of 2-PyrCalix[4] and Cs'*' in acetonitiile and that for Rb^ and Cs^ 
and this ligand in benzonitrile were imsuccessful. Neither measiuable heats were 
obseiwed in the microcalorimeter, nor detectable conductance changes were found in 
the conductimeter when the ligand was added to the metal-ion salts containing these 
cations in these solvents. It is therefore concluded that very weak interactions are 
likely to take place between 2-PyiCalix[4] and Cs’*' in MeCN and with Rb’*’ and Cs*** in 
PhCN.
Analysis of stability constant data shown in Table 3.2.17 reflects that the 
highest log Kg value is that for lithiimi with respect to any other metal cation in these 
solvents. Thus, log Kg values follow the sequence.
Li'*’>Na^>Ag^>K'^>Rb''
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CHAPTER III RESULTS AND DISCUSSION
in acetonitrile and the same sequence is found in benzonitrile (except for Rb"^  for the 
reasons stated above).
Previous studies on the interaction of cryptands with alkali metal and silver 
cations in dipolar* aprotic media^ *^^ ’^ ^^ ’^ ^^  have shown that the cation solvation plays a 
predominant role in the complexation process involving these ligands in these media. 
It was generally foimd that a solvent wliich is a good solvator for the cation, is a poor 
complexation medimn.
Taking into account the tr ansfer Gibbs energies of alkali metal and silver 
cations from acetonitrile to benzonitrile based on the Ph4AsPli4B convention^^’^ *^^’^ *^  ^
(Table 3.2.18) it follows that acetonitrile is a better solvator for these cations than 
benzonitrile. Since the data in Table 3.2.17 shows that except for potassimn, complex 
stability is higher m MeCN than in PhCN it therefore follows that cation solvation is 
not the predominant factor for the higher stability in MeCN than in PhCN.
Table 3.2.18 Single ion Gibbs energies, enthalpies and entropies of alkali metal 
and silver cations from acetonitrile to benzonitrile based on the 
Ph4AsPh4B convention at 298.15
Cation AtG*’ kJ moT^
AtH° 
kJ mol*
AtS**
J K"*mol*
L f 5.52 13.05 25^
Na+ 6.78 4.62 -7.2
11.18 8.33 -&6
Rb^ 8.67 8.50 -0.6
Cs"" 8.82 6.78 -&8
Ag" 4.90 5.65 2.5
A similar behaviom* was previously obserwed in complexation processes 
involving calix[4]ar*ene esters^ and alkali metal cations in these solvents.
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It is therefore concluded that as far as Gibbs energies of complexation are 
concerned, the competitive effect between the ligand and the solvent for the cation is 
not shown, at least to the same extent as for cryptands, in the complexation of alkali 
metal cations and these calixarene derivatives in these solvents.
As far as enthalpies of complexation ar e concerned, amongst the alkali metal 
cations, the maximum exothemiic value is found for Na^ and 2-PyrCalix[4] in MeCN. 
hi benzonitrile, the pattern foimd in the AcH° values is the same as that observed in 
terms of Gibbs energies, hi all cases, except for and 2-PyrCalix[4] in PhCN, the 
enthalpic contribution is dominant relative to the entropie contribution. As far as 
entropies are concerned, two different tr ends ar e observed for the alkali metal cations 
in these solvents. Thus, in acetonitrile, AcS° values become increasingly more 
negative down the group while the opposite is observed in benzonitrile. Solvation 
changes upon complexation are best reflected in the entropy term, hi an attempt to 
analyse the cation effect upon complexation, the relationship used by Dariil de 
Namor^ "^^  is explored. It consists of considering,
a) The transfer of the cation from the gas phase to water, namely, the entropy of 
hydration, AhS° (Eqn.3.21)
A4+Ü3)----- »IVr(H:(}) (3,21)
b) The entropy of transfer, AtS° of the cation from water to the non-aqueous 
solvent (s) (Eqri. 3.22)
M " (H 2O )------> M + (s) (3.22)
and the entropy of complexation, AcS° of the cation and the ligand in the non-aqueous 
solvent (Eqn. 3.23)
M’^ Cs)+2-Pyi-Calix[4] (s)----- > M2-PyrCalix[4] + (s) (3.23)
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Combination of eqns. 3.21, 3.22 and 3.23 leads to the entropy of calixarenate 
formation, AcfS° for the process,
M"*" (g) + 2-PyrCalix[4] (s) ----- > M 2-Pyi*Calix[4] (s) (3 .2 4 )
Therefore,
AcfS° =  AhS° +A tS° +  AcS° (3 .2 5 )
Since
AhS'^ +  AtS" =AsoivS° (3 .2 6 )
It therfore follows that Eqn. 3.2.27 can be written as
AcfS" =  AsoivS” +  AcS° (3 ,2 7 )
hr Eqns. 3.26 and 3.27, AgoivS® denotes the entropy of solvation
In Table 3.2.17, AcS° and AsoivS°^ ^^  values in acetonitrile and in benzonitrile 
for the alkali metal cations are listed. During the complexation process, hill 
replacement of solvent molecules by the binding sites of the ligand in the coordination 
sphere of the cation will reverse the tr end in the entr opies of complexation relative to 
that of solvatiorr. hr fact, this appears to be the case hr acetorritrile while the opposite 
trerrd is fourrd hr benzonitrile.
Arralysis of the data in terms of AcfS° values (Eqn. 3.27) show that urrlike 
alkali metal cryptâtes where this par ameter is indeperrderrt of the cation (univalent) hr 
dipolar aprotic solvents arrd the entropies associated with Eqrr. 3.27 are alrrrost
constarrt (average AcfS° values are in acetorritrile; -226.3 ± 7.7 J IC* mof* arrd in
benzonitrile, -223.8 ±3.3 considerable variations are found in the AcfS° values for 
system irrvolvirrg 2-Pyr*Calix[4] with the catiorr arrd the solvent although these are less 
prorrounced than the conesponding data irrvolvirrg these cations and calix[4]arerre
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esters in these solvents^as shown in Table 3.2.19. The changes obsei*ved in AcfS*^  
values ai e likely to be attributed to the differences in solvation of the ligand relative to 
the metal-ion complex in these solvents and these should be Anther investigated.
Table 3.2.19 Entropies of calixarenate formation, AciS® for various calix[4]arene 
derivatives and metal cations in acetonitrile and in benzonitrile at
298.15 K. Data in JlC^mol'^
CH,
Acetonitrile
.+ Na Rb
-271.7 -246.4-292.0 -164.10 -CH3
-299.3 -263.1 -213.5297.2
-294. -225.20 - C , H
-218.6' -188.9' -176.7'-195.1
Benzonitrile
-291.1 -226.0 -225.1
-324.4 -242.9 -215.
-245.6-311.3 - 220.1O - C ^ H
-165.5-253.3 -209.2'
From Table 3.2.17
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However, the conformational changes that the ligand undergoes upon 
complexation which will result in solvation changes are also reflected in the AcH° and 
the AcS° values. At this stage it is interesting to comment further about the 
complexation of Ag^ and 2-Pyi'Calix[4] relative to Na^ and 2-PyrCalix[4] in 
acetonitiile. Thus, the decrease in enthalpic stability and gain in entropy upon 
complexation of Ag"^  with 2-Pyi'Calix[4] relative to Na"^  and 2-Pyi’Calix[4] in MeCN, 
must at least in part, be attributed to the stronger desolvation of Ag"^  in its complexation 
with this ligand relative to N a\ Specific interactions occurs between Ag"^  and MeCN^^  ^
(back donation of electrons into the % antibonding orbital of the nitiile gi'oup) to the 
extent that Ag"*" is much better solvated than Na^ m MeCN as reflected in the single-ion 
Gibbs energies of transfer of these cations jfrom water to acetonitrile at 298.15 IC based 
on the Ph4AsPh4B"^’*^  ^ [AtG°(Na")(H20) -> (MeCN) = 14.35 kJ mof*; AtG°(Ag^(HzO) ^  
(MeCN) = -23.05 kJ mol'^] reported in the literature.
Amongst the regio isomers of 2-PyrCalix[4], attempts were made to proceed 
with complexation studies involving 3-PyrCalix[4]and and 4-PyiGalix[4] 
(Fig. 3.2.14) and alkali metal and silver cations in these solvents. It was of interest to 
investigate how the distance between tlie ether oxygens and the pyridyl nitiogens 
(shortest for 2-PyrCalix[4] and gieatest for 4-PyrCalix[4]) affects the complexation 
with these cations in acetonitiile. No complexation was found either in the 
potentiometer or in the calorimeter when 3-PyrCalix[4] and 4-PyrCalix[4] were used 
as complexing agents for the alkali metal cations. Only the 4-PyiCalix[4] was 
investigated with silver in acetonitiile by titration calorimetry (macro and micro).
The representative thermogram for 4-Pyi'Calix[4] and Ag"^  in MeCN at
298.15 K shown in Fig. 3.2.15 indicates that the complex stoichiometry is 1:1 
(metahligand). Thermodynamics data for 2-PyrCalix[4] and Ag"^  in acetonitrile (Table 
3.2.17) relative to 4-PyiGalix[4] and the same cation in the same solvent show some 
striking differences. It can be seen that the higher affinity of 2-PyrCalix[4] for silver 
is enthalpically and entiopically controlled while for 4-PyrCalix[4], the higher 
stability (in enthalpic teims) relative to 2-PyrCalix[4] is overcome by the loss of 
entropy observed on complexation. The result is that the Ag 2-PyrCalix[4] complex
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has a high stability whereas that between Ag"^  and 4-PyrCalix[4] is relatively weak in 
acetonitiile. Since the distinctive difference between these ligands is the distance 
between the pyiidyl nitrogens and the ether oxygens, these data appear to suggest that 
while the two donor atoms (O and N) are likely to provide the sites of interaction of 2 - 
Pyi-Calix[4] and Ag"^ , this may not be the case for 4-PyrCalix[4]. In order to gain 
further infoiination, NMR measiuements were earned out with 4-PyrCalix[4] and 
Ag"^  in CD3CN. Relative to the spectral data for 2-Pyi*Calix[4] and Ag"** in CD3CN, no 
significant chemical changes were observed.
lb
Fig. 3.2.14 Structures of 3-PyrCalix[41 (lb) and 4-PyrCalix[4] (Ic)
O'
- 0.1 -
- 0.2 -
-0.3
-0.4
[Ag ]/[lc]
Fig. 3.2.15 Calorimetric titration of 4-PyrCalix[4]arene with silver (I) in 
MeCN at 298.15 K
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Based on the high stability of lithium, sodiimi and silver complexes of 2- 
PyrCalix[4], attempts were made to isolate these metal-ion complexes. Suitable 
crystals were obtained for X-ray difhaction studies for sodimn and silver complexes 
using perchlorate as the coimter-ion and these are now described.
3.2.4 X-Ray Crystallography
The X-ray structure detemiination for the sodium and the silver complexes of
2-PyrCalix[4] was earned out by Professor Oscar E. Piro (Depaifamento de Fisica, 
Facultad de Ciencias Exactas, Universidad Nacional de la Plata) and Professor 
Eduardo E. Castellano (Instituto de Fisica de Sao Carlos, Universidad de Sao Paulo, 
Brazil). The X-ray crystallographic results confirmed the stmcture of the synthesised 
complexes of 2-Pyi'Calix[4] and these are now briefly described.
3.2.4.1 X-Ray structures of 1:1 complexes of sodium and silver (perchlorateas 
the counter-ion) and acetonitrile with 5,11,17,23-tetr a-^ arV-
butyl[25,26,27,28-terakis(2-pyridyl methyl)oxy]calix[4] arene
Table 3.2.20 lists crystal data stmcture solution methods and refinement for 
the sodium and acetonitrile complex of 2-PyrCalix[4].
Bond lengths and angles are given in Table 3.2.29 (Appendix D). Fig. 3,2.16 
shows an ORTEP^^° drawing of the complex. The substance crystallises in the 
tetragonal group P4cc. There are three different complexes in the lattice, two sited on 
a fourfold axis and a third one on a twofold axis. The three moieties have a sodium 
ion in the hydropliilic cavity and an acetonitrile molecule in the hydrophobic cavity.
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Table 3.2.20 Crystal data and structure solution methods and refinement for 
sodium /;-ter -^butyl[25,26,27,28-^<?/m/cw (2-pyridylmethyl) oxy] 
calix[4] arene monoacetonitrile perchlorate complex.
Crystal parameters Data
Empirical formula 
Formula weight 
Temperature 
Crystal system 
Space group 
Unit cell dimensions®
Volume
Z
Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size 
Crystal coloiu/shape 
Diffi-actometer/scan 
Radiation, graphite monochr.
Scan width 
Standard reflection 
Decay of standard 
q (0)range for data collection 
hidex ranges 
Reflection s collected 
Independent reflections 
Observed reflect. [I>2s(I)]
Data reduction and correction^ and 
Solution and refrnement^programs. 
Refinement method 
Weights, w(co)
Data/restraints/par*ameters 
Goodness-of-fit on F^
Final R indices^ [I>2s(I)]
R indices (all data)
Absolute structur e parameter 
Largest diff. Pealc and hole______
CvoHvgClNsNaOg 
1176.82 
293(2) K 
Tetragonal 
P4cc (No. 103)
A=21.791(2)A 
C=26.958(3) A  
12801(2) A^
8
1.221 Mg/m'^
1.064 mm"^
5008
0.27 X  0.27 X  0.15 mm 
Colourless/parallelepiped 
Enraf-Noriius CAD-4/co-20 
Cu-Ka, 1=1.54184 A  
0.8 + 0.35 tan 0 
(12,0,0)
± 1%
2.03 to 60.02°
0<h<17, 0<k<24, 0<1<30 
7702
4505 [R(int)=0.108]
2777
SDP \^SHELX-76^^
SHELX-86^^ SHELX-93^^
Full-rnatrix least-squares on F^
W (œ )=[a^(F o^)+ (0.234P )^+5.433P ]‘
P = [M a x (F o ^ 0 )+ 2 F /]/3
4505/6/645
1.067
Rl=0.103, wR2=0.294 
Rl=0.137,wR2=0.338 
0.2(1)
0.41 and -0.43 e.A"^
Least-squares refinement of [(siii0)/A,]  ^values for 
 ^Corrections: Lorentz, polarization and absorption, 
factors were 0.856 and 0.758.
25 reflections in the 26.28<20<62.24° range. 
The maximum and minimum transmission
® Neutral scattering factors and anomalous dispersion conections.
 ^R indices defined as: R, = Z||Fo| -  |Fo|| / Z|Fo| wR2 =[Zw(F/-Fc^)^ /
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Although there are tliree independent calixarene molecules in the unit cell, 
only the ones with different symmetry display geometrical features significantly 
different. The two C4 symmetry molecules are essentially identical. The molecule 
with C2 point symmetry has two sodium to pyridine nitrogen distances longer 
[3.11 ( 1 ) A ]  and the other two shorter [2.47 ( 1 )  A ]  than in C4 symmetry ones. For the 
latter, the cation-oxygen contacts are of 2.69 (1) and 2.75(1) A  giving rise to an 
elliptical rather than circular hydr ophilic bore.
Table 3.2.21 lists crystal data and structure solution methods and refinement 
for the silver and acetonitrile complex of 2-PyrCalix[4]. Bond lengths and angles are 
given in Table 3.2.30 (Appendix D). An ORTEP drawing of the complex is shown in 
Fig. 3.2.17. This complex crystallises in the tetragonal P/4n space group. The 
rnacrocyclic is sited on a fourfold axis in a similar way to that of the sodimn complex. 
In this case, the encapsulation of Ag"^  tlnough the ethereal oxygens shows a distance 
between the cation and the donor atom of 2.93(3) A  whereas this is reduced to 
2.483(5) A  for Ag N.
Comparison of these data with those for the ligand^show s that upon 
complexation with cations, the relatively flexible calix[4]ar*ene molecule adopts a 
liighly syrmnetrical “cone” conformation, due to the attractive electrostatic interaction 
between the cation and the electron lone pair in the ether oxygens. This rearrangement 
occms tlrrough rotation of the ring system aroimd the linking CH2 groups. Furfher 
stabilisation in the hydrophilic cavity is achieved tlrrough the interaction of the cation 
with the electron lone pair on the pyridyl nitrogens.
The stnictm e of similar highly syrmnetrical (1:1) crystalline complexes of p- 
rer^-hutyl[4]arone tetraacetamide with KSCN and KI have been reported .T hough  
belonging to two different space groups, lAhnmm and 74/m, respectively, which in 
turn are different fr om the PAfn space group of the AgC104 complex reporied here and 
the P4cc of the NaC104 complex, the molecular stmctmes of all these complexes are 
quite similar.
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Fig. 3.2.16 Side and top views of the 1:1 complex of sodium (perchlorate as 
counter-ion) and acetonitrile with 2-PyrCalix[4] sited on a two fold 
axis
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As for the silver complex, the macrocycle and the ion in the KSCN and KI 
complexes lie on a fourfold axis. The K^ ion is enclosed in a polyhedr al cage formed 
by eight coordinated oxygen atoms arranged at the corners of a distorted Ar chimedean 
square antiprism with the ether and amide oxygen lying on the two distinct parallel 
square bases on the antiprism. These square bases are tilted by 32°.
In both complexes, the hydrophobic cavity is filled with disordered methanol 
molecules. The structural relationship between the KSCN and KI cornpoimds and 
crystalline imcomplexed j?-^er^-butylcalix[4] arerre tetracetarnide^^^ is very similar to 
that already described for the silver and sodium complexes.
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Table 3.2.21 Crystal data, structure solution methods and refinement for silver 
5,11,17,23-/ert-butyl- [25,26,27-28-te^m/«s-(2-py ridylmethyl)oxy] - 
jP-tert-butylcalix[4] arene perchlorate monoacetonitrile.
Crystal Parameters Data
Empirical fomiiila C7oH79AgClN50g
Fonmila weight 1261.70
Temperature 293(2) K
Crystal system Tehagonal
Space group P4/n
Unit cell dimensions a=15.580(2) Â
c=13.082(2) Â
Vohune 3175.3(6)
Z 2
Density (calculated) 1.320 Mg/m^
Absoiption coefficient 0.419 mm"^
F(OOO) 1324
Crystal size 0.36 X 0.40 x 0.48 mm
Crystal colour/shape Coloiu'less/parallelepip ed
Diffractometer/scan Em'af-Nonius CAD-4/o)-20
Radiation, graphite monochr. MoKa, 1=0.71073 Â
Scan width 0.8 + 0.35 tan 0
Standard reflection (-10,2,-4)
Decay of standard ±2.5%
0 range for data collection 1.56 to 24.95°
Index ranges -12<h<13, 0<k<18, 0<1<15
Reflections collected 3461
hidependent reflections 2 3 5 5  [Rsyni=0.021]
Obseiwed reflects. [I>2or(I)] 1574
Data reduction and correction^
and stinctiue solution‘s and SDP^\ SHELX-76^^
refinement^ programs SHELX-86^\ SHELX-93^
Refinement method Full-matrix least-squares on F^
Weights, w w = [ ct^ (F oV ( 0 . 1 P ) ^ + 1 . 9 1 P ] ’^
P=[Max(F.\0)+2Fc']/3
Data/restraints/parameters 2355/0/196
Goodness-of-fit on F^ 1.059
Final R indices [I>2a(I)] Rl=0.057,wR2=0.153
R indices (all data) Rl=0.091,wR2=0.178
Largest diff. peak and hole 0.38 and -0.42 e.A'^
“ Least-squares refinement of [(siii6)/A.]  ^values for 25 reflections in the 19.K20<31.7° range.
Corrections: Lorentz, polarization and absorption.^® The maximum and minimum tiansmission factors 
were 0.886 and 0.862.
Neutral scattering factors and anomalous dispersion conections.
Structure solved by Patterson and Fourier methods and tire final molecular model obtained by 
anisotropic full-matrix least-squares refinement of non-hydiogen atoms.
' R indices defined as: R7-L11 - 1 I I /L | f J  , wF,=[Lw(F,Lf/)7Sw(F/)"]'^7
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Fig. 3.2.17 Top (upper plot) and side (down a direction slightly off the 
fourfold axis) views of the silver and acetonitrile complex of 
2-PyrCalix[4].
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Conclusions
From the above discussion on pyiidinocalix[4]ai-enes, the following 
conclusions ar e drawn.
i) The standard transfer Gibbs energies of 2-Pyi'Calix[4], 3-PyrCalix[4] and 
4-Pyi‘Calix[4] from acetonitiile to various solvents reflect the differences in solvation 
of these regio isomers between these two solvents. The solvation pattern of
2-PyrCalix[4] in the alcohols contrasts with that obseiwed for 3-PyiCalix[4] and 
4-PyrCalix[4]
ii) Complexation of 2-Pyi'Calix[4] and alkali metal cations in acetonitrile and in 
benzonitrile is fast. This statement was coiToborated by NMR (CD3CN), 
conductance (MeCN, PhCN) and calorimetiic (MeCN, PhCN) measmements. This is 
also the case for the complexation of Ag^ and 2-PyrCalix[4] and
3-Pyi'Calix[4] in acetonitrile as shown by potentiometric and calorimetric 
measurements where a short time was required for the equilibrium to be reached. 
Further evidence is provided in the prepai ation of the sodium and silver complexes of 
2-Pyi'Calix[4] and in the crystallograpliic evidence presented in this thesis.
iii) One metal cation is taken up per unit of calix[4]arene as far as the alkali 
metal and silver cations are concerned.
iv) As shown by Pappalardo et al? , in the ligand, the nitrogen atoms of pyiidine 
are in the trans position relative to the ether oxygens. The X-ray stmctures of the 
sodium and the silver monoacetonitrile complexes of 2-Pyi'Calix[4] provide evidence 
that, in the complex, the pyiidyl nitrogens are in the cis position with respect to the 
ether oxygens in order to provide the sites of interaction with the cation. However, 
the X-ray structines aie referred to the solid state and therefore tliis infoiination may 
or may not be relevant to the solution process. However, the theiinodynamics of 
complexation of calix[4]arene esters and alkali metal cations in these solvents
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reported by Danil de Namor and co-workers^’ shows that as far as Li^, and Na’*' 
cations are concerned, the pseiidocavity of the esters is better preorganised to interact 
with the cations than that of 2-PyrCalix[4] in these solvents. Indeed, metal-ion 
complexes of calix[4] arene esters (see Inti'oduction Table 1.4.) are more stable than 
those involving 2-Pyi*Calix[4]. It seems therefore that the energetic cost for ananging 
the donor atoms of the hydrophilic cavity to interact with the cation in the 
calix[4]arene ester derivatives is likely to be less than in the case of 2-Pyi'Calix[4]. 
The theiinodynamic consequence of this statement is reflected in the Gibbs energies 
of complexation. Thus, the complexation of 2-PyrCalix[4] with alkali metal cations 
in these solvents is accompanied by a lower enthalpic stability (paitially compensated 
by the entropy) than the conesponding process involvmg calixarene esters.^ The 
confoiinational changes than the ligand imdergoes upon complexation bring about 
solvation changes. While the medium effect on the transfer of the cation from 
acetonitrile to benzonihile is well estab lished ,the effect of the solvent on the 
transfer of the ligand and the metal-ion complexes from acetonitrile to benzonitrile 
needs to be investigated.
v) Acetonitrile is a better complexing medimn than benzonitrile.^’^® Since the 
fomier solvent is generally a better solvating medimn for these cations than 
benzonitiile it therefore follows that the cation solvation may not play the 
predominant role in the complexation process and Üierefore, this re-emphasises the 
importance of investigating the solution theiinodynamics of the ligand and the metal- 
ion complex in these solvents.
vi) The thermodynamics of complexation in MeCN of 2-PyrCalix[4] and
4-PyrCalix[4] with the silver cation reflect the highest stability of the silver complex 
with the former relative to the latter ligand. NMR studies in CD3CN indicate that 
for 2-Pyi-Calix[4], interaction with the cation (thiough ion-dipole interactions) takes 
place tlnough the pyiidyl nitrogens and the ether oxygens. The consequences of this 
mode of interaction are reflected in the themiodynamic data for the complexation 
process involving these ligands and Ag*^ '
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vii) For the sodium monoacetonitrile complex of 2-PyrCalix[4], X-ray diffraction 
studies revealed the presence of thiee different complexes in the lattice, two sited on 
fouiFold axes and a third one on a twofold axis. This is not revealed in the
NMR spectra of the metal-ion complexes in CD3CN. This could be attributed to a 
fast exchange between the different confoimations in solution and if so, only averaged 
spectra are obseiwed.
viii) X-ray structmes of the sodimn and silver monoacetonitrile complexes 
(perchlorate as counter-ion) show that acetonitrile is hosted in the hydrophobic cavity 
as observed for other analogous derivatives.^^
Suggestions for further work
These are sunnnarised as follows,
i) Theiinodynamic parameters of solution of metal-ion complexes of
2-Pyi'Calix[4] in acetonitiile and in benzonitrile at 298.15 K. These data can be used 
for,
(a) The calculation of the thermodynamic parameters of coordination of these 
systems.
(b) An assessment on the solvation changes that the reactants and the product 
undergo in these solvents upon complexation.
ii) An investigation of the extracting properties of pyiidinocalix[4]aienes for
metal cations from aqueous solutions.
iii) A detailed study on the complexation properties of pyiidinocalix[4] arenes for
tiansition metal cations in a wide vaiiety of solvents. Although some research in this 
area has been rep o rted ,th is  needs to be frirther mvestigated.
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APPENDIX A
CONDUCTIMETRIC TITRATION DATA
A.1 Conductimetric data for 2-PyrCalix[4] and alkali cations in 
MeCN at 298.15 K
Table 3.2.5 Conductimetric data for the titration of 2-PyrCalix[4] with lithium 
(as perchlorate) in MeCN at 298.15 K
[2-PyrCalix[4]] 
mol dm'^
[Jut] 
mol dm"^ 2-PyrCalix[4]]/[Li^]
E-nt
S cm  ^mol"^
1 . 2  X 10'^ 1 . 3 4  X 1 0 4 0 . 0 9 1 5 4 . 5 2
1 . 8 x 1 0 ' ^ 1 . 3 1  X 10-4 0 . 1 4 1 5 3 . 0 4
2 . 4  X  10'^ 1 . 2 8 x 1 0 - 4 0 . 1 9 1 5 1 . 0 0
3.0 X 10"^ 1 . 2 6  X 10-4 0 . 2 4 1 4 9 . 3 9
3.6 X  10'^ 1 . 2 3 x 1 0 - 4 0 . 2 9 1 4 7 . 6 3
4 . 1  X  10'^ 1 . 2 1  X 10-4 034 1 4 6 . 5 5
4 . 7  X  1 0 “^ 1 . 1 8 x 1 0 - 4 0 . 4 0 1 4 3 . 7 4
5 . 3  X  1 0 ’^ 1 . 1 5  X  10-4 0 . 4 6 1 4 1 . 9 5
5 . 7  X  10'^ 1 . 1 3 x  10"4 0 . 5 1 1 4 0 . 9 5
6.2x10'^ 1 . 1 1 x 1 0 * 4 0 . 5 6 1 3 9 . 1 6
6 . 6  X 10'^ 1 . 0 9  X 10-4 0 . 6 1 1 3 7 . 8 5
7 . 0 x 1 0 ' ^ 1 . 0 8 x 1 0 * 4 0 . 6 5 1 3 6 . 2 7
7 . 4  X 10'^ 1 . 0 6  X 10*4 0 . 7 0 1 3 4 . 7 9
7 . 9  X 10'^ 1 . 0 4 x 1 0 * 4 0 . 7 6 1 3 2 . 8 4
8 . 5  X  1 0 ’^ 1 . 0 1  X 10-4 0 . 8 4 1 3 1 . 3 6
8 . 9  X 10'^ 9.9x10*3 0 . 8 9 1 2 9 . 6 9
9 . 3  X  10'^ 9 . 7 x 1 0 * 3 0 . 9 5 1 2 9 . 0 2
9.6x10-3 9 . 6  X 10-3 1 . 0 1 1 2 7 . 0 9
1.0 X 10-4 9 . 4  X 10*3 1 . 0 6 1 2 7 . 2 0
l . O x  1 0 '4 9.2 X 10-3 1 . 1 2 1 2 7 . 2 0
1 .1  X 1 0 '4 9 . 1  X 10-3 1 . 1 8 1 2 7 . 1 4
1 .1  X 10-4 8 . 9  x l O - 3 1 . 2 4 1 2 7 . 0 2
1 .1  X 10-4 8.8 X 10-3 1 . 2 9 1 2 6 . 8 3
1 . 2  X  10-4 8.7x10-3 1 . 3 4 1 2 6 . 9 0
1 . 2  X 10-4 8.6 X 10*3 1 . 3 9 1 2 6 . 7 9
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Table 3.2.6 Conductimetric data for the titration of 2-PyrCalix[4] with sodium 
(as perchlorate) in MeCN at 298.15 K
[2-PyrCalix[4]] 
mol dm^
[Na+] 
mol dm*^ [2-PyrCalix[4]]/[Na^]
Nji t
S cm^  mol"^
1.14 X 10-3 1.78 X 10-4 0.06 163.09
2.50x10-3 1.69x10-4 0.15 159.82
3.77x10-3 1.62x10-4 0.23 155.72
5.21 xlO-3 1.53 X 10-4 0.34 150.52
6.56x10-3 1.45 X 10-4 0.45 145.89
8.75 xlO-3 1.32x10-4 0.66 141.19
1.00x10-3 1.25 X 10-4 0.80 135.89
1.08x10-3 1.20x10*4 0.91 131.96
1.16x10-3 1.15x10*4 1.00 129.92
1.20x10-3 1.13 X 10*4 1.06 130.77
1.25 xlO-3 1.10x10*4 1.1 130.33
1.30x10-3 1.07x10*4 1.21 130.56
1.33x10-3 1.05x10-4 1.28 130.20
1.19x10-3 9.04x10-3 1.32 129.78
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Table 3.2.7 Conductimetric data for the titration of 2-PyrCaIix[4] with 
potassium (as perchlorate) in MeCN at 298.15 K.
[2-PyrCaIix[4]] 
mol dm^ [ i c ^ ]mol dm^ [2-PyrCalix[4]/K+] S cm^ mol *
2.22 X  10‘^ 2 . 1 0  X  10"* 0.11 179.09
4.57 X 10’^ 1.940 X  10"* 0.24 177.82
6.50 X 10'^ 1.81 X  10"* 0.36 177.95
8.15 X 10'^ 1.69x10"* 0.48 175.88
9.54x10'^ 1.60x10"* 0.60 174.91
1.08x10"* 1.51 X 10"* 0.71 175.21
1.20 X  10"* 1.43 X 10"* 0.83 174.99
1.29x10"* 1.36 X  10-^ 0.95 174.70
1.35x10"* 1.32x10"* 1 . 0 2 173.67
1.42x10"* 1.28x10"* 1.11 173.02
1.470x10"* 1.24 X  10"* 1.19 172.83
1.520 X  10"* 1.21x10"* 1.26 173.45
1.56x10"* 1.18 X  10"* 1.32 172.99
1.60x10"* 1.15x10"* 1.39 172.95
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B .l .  Conductimetric data of 2-PyrCalix[4] with 
PhCN at 298.15 K
Table 3.2.8 Conductimetric data for the interaction of 
lithium (as perchlorate) iu PhCN at 298.15 K
alltali cations in
2-PyrCalix[4] with
[2-PyrCalix[4]] 
mol dm^
[L il
mol dm^ [2-PyrCalix[4]]/Lf]
Nn 
S cm^ mol^
3.58 X 10'^ 4.41 X 10“* 0.08 35.18
6.97 X 10'^ 4.37 X 10“* 0.16 34.82
9.89 X 10’^ 4.34 X 10'"* 0.23 34.41
1.39 X 10“* 4.29 X 10“* 0.32 33.86
1 .8 6  X 1 0 “* 4.23 X 10'“* 0.44 33.13
2.23 X 10“* 4.19 X 10“* 0.53 32.52
2.75 X lO'* 4.12 X 10“* 0.67 31.80
3.13 X 10“* 4.08 X 10'* 0.77 31.42
3.55 X 10“* 4.03 X 10“* 0.88 30.45
4.08 X 10“* 3.97 X 10“* 1.03 30.48
4.56 X 10“* 3.91 X 10“* 1.17 30.50
5.06 X 10“* 3.85 X 10“* 1.32 30.51
5.44 X 10“* 3.80x10“* 1.43 30.55
5.79 X 10“* 3.76 X 10“* 1.54 30.63
6.15 X 10“* 3.72 X 10“* 1 .6 6 30.72
6.57 X 10“* 3.67x10“* 1.79 30.68
6.91 X 10“* 3.62 X lO'* 1.91 30.64
7.20 X 10“* 3.59 X 10“* 2 .0 1 30.77
7.52 X 10“* 3.55 X 10“* 2 .1 2 30.71
7.87 X 10'“ 3.51 X 10“* 2.24 30.79
8.31 X 10“* 3.46 X 10“* 2.41 30.81
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Table 3.2.9 Conductimetric data for the titration of 2-PyrCalix[4] with sodium 
(as perchlorate) in PhCN at 298.15 K
[2-PyrCalix[4]] 
(mol dm^)
[N al 
(mol dm"^) [2-PyrCalix]/[Na^] (S cm^ m of')
3.15X 10'^ 5.09 X 10"* 0.06 39.50
6.92 X 10'^ 5.03 X 10"* 0.14 38.51
1.10 X 10“^ 4.98 X 10'"* 0.22 38.54
1.53x10"^ 4.92 X 10"* 0.31 37.98
1.94 X 10'^ 4.87 X 10"* 0.40 36.98
2.30x10"^ 4.82 X 10"* 0.48 36.73
2.59 X 10'^ 4.78 X 10"* 0.54 36.19
2.94 X 10"* 4.73 X 10"* 0.62 35.71
3.28x10"* 4.68 X 10"* 0.70 35.21
3.54 X 10"* 4.65 X 10"* 0.76 35.05
3.86 X 10'"* 4.60 X 10"* 0.83 34.08
4.22 X 10"* 4.55 X 10"* 0.93 33.79
4.60 X 10"* 4.50 X 10"* 1.02 33.29
4.99 X 10"* 4.45 X 10"* 1.12 33.01
5.38 X 10"* 4.40 X 10"* 1.22 32.94
5.74 X 10"* 4.35 X 10"* 1.32 33.09
6.10 X 10"* 4.30 X 10"* 1.42 33.23
6.51 X 10"* 4.24 X 10"* 1.54 33.20
6.85 X 10"* 4.20 X 10"* 1.63 33.33
7.30x10"* 4.14x10"* 1.77 33.34
7.67 X 10"* 4.09 X 10"* 1.88 33.26
8.06 X 10"* 4.03 X 10"* 2.00 33.45
8.33 X 10"* 4.00 X 10"* 2.08 33.50
8.53 X 10"* 3.97 X 10'"* 2.15 33.48
8.91 X lO"'* 3.92 X 10"* 2.27 33.41
9.59 X 10"* 3.83 X 10"* 2.51 33.43
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Table 3.2.10 Conductimetric data for the titration of 2-PyrCalix[4] with 
potassium (as perchlorate) in PhCN at 298.15 K
[2-PyrCaIix[4]] 
mol dm^
[K1 
mol dm^ [2-PyrCalix[4]]/[Kl S cm^ mol *
3.2.x 10"^ 1.8x10"* 0.18 2.62
6.2.x 10"^ 1.8x10"* 0.35 2.63
1.1.x 10"* 1.7 X 10 "* 0.61 2.51
1.5.x 10‘^ 1.7 X 10'^ 0.88 2.64
1.9.x 10"* 1.7x10"* 1.17 3.06
2.3.x 10"* 1.6x10"* 1.42 2.94
2.8.x 10"* 1.6 X 10'^ 1.74 2.95
3.0.x 10"* 1.6 X 10"* 1.90 2.86
3.2.X10"* 1.6 X 10"* 2.08 2.90
3.4.X10"* 1.5x10"* 2.24 2.87
3.6 xlO"* 1.5x10"* 2.40 2.84
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Table 3.2.12 Potentiometric titration data 
nitrate) in MeCN at 298.15 K
DATA USING
of 2“PyrCalix[4] and
SILVER
silver (as
[2-PyrCaIix[4]] 
mol dm'^ mltdm® [2-PyrCalix[4]]/[Ag1 E(mV)
6.0 X IC'' 2.18 X 10® 0.03 -103.2
0.12 X IC® 2.17 X 10® 0.05 -103.5
0.18 X lO’*^ 2.17 X 10® 0.08 -103.8
0.30 X lO *^ 2.17 X 10® 0.14 -104.6
0.59 X 10‘® 2.15 X 10® 0.27 -107.0
0.88 X 10'^ 2.14 X 10® 0.41 -109.8
1.17 X 10'® 2.13 X 10® 0.55 -112.7
1.45 X 10'^ 2.11 X 10® 0.69 -115.6
1.73 X 10'^ 2.10 X 10® 0.82 -118.6
2.00 X 10‘® 2.09 X 10® 0.96 - 1 2 1 .8
2.28 X 10‘® 2.07 X 10® 1 .1 0 -125.0
2.54 X 10'® 2.06 X 10® 1.24 -128.2
2.81 X 10"^ 2.05 X 10® 1.37 -131.2
3.07 X 10"® 2.03 X 10® 1.51 -134.2
3.33 X 10"® 2 .0 2  X 10® 1.65 -137.0
3.69x10® 2 .0 1  X 10® 1.84 -140.8
4.19x10® 1.98 X 10® 2 .1 1 -145.9
5.24 X 10® 1.93 X 10® 2.71 -154.4
5.71ExlO® 1.91 X 10® 2.99 -157.9
6.17x10® 1.89 X 10® 3.27 -160.7
6.62 X 10® 1.87 X 10® 3.54 -165.3
7.06 X 10 ® 1.85 X 10® 3.82 -166.1
7.48 X 10 ® 1.83x10® 4.10 -168.0
7.90 X 10® 1.81 X 10® 4.38 -170.5
8 .1 1  X 1 0 ® 1.80 X 10® 4.51 -171.4
8.31 X 10® 1.79 X 10® 4.65 -172.1
8.51 X 10® 1.78 X 10® 4.79 -173.1
8.71 X 10® 1.77 X 10® 4.93 -173.8
8.91 X 10® 1.76 X 10® 5.07 -174.7
8.99 X 10® 1.75 X 10® 5.12 -175.0
9.07 X 10® 1.75 X 10® 5.18 -175.3
9.14 X 10® 1.75 X 10® 5.23 -175.6
9.22 X 10® 1.74 X 10® 5.29 -175.9
9.30x10® 1.74 X 10® 5.34 -176.1
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Table 3.2.13 Potentiometric titration data of lithium (as 
Ag*2-PyrCalix[4] complex In MeCN at 298.15 K
perchlorate) and
[U*] 
mol dm
[2-PyrCaIix[4]] 
mol dm^ [Lf]/[2-PyrCalix[4]] E(mV)
0.02 X 10® 0.93 xlO"* 0.02 -175.6
0.03 X 10® 0.93 xlO"* 0.03 -175.0
0.06 X 10® 0.93 xlO"* 0.07 -173.7
0.09 X 10® 0.92x10"* 0.10 -172.5
0.13 X 10® 0.92x10"* 0.14 -171.1
0.16 X 10® 0.92 xlO"* 0.17 -169.4
0.19 X 10® 0.92x10"* 0.20 -167.8
0.22 X 10® 0.92 xlO"* 0.24 -165.9
0.25 X 10® 0.92x10"* 0.27 -164.1
0.28 X 10® 0.91x 10"* 0.31 -162.2
0.31 X 10® 0.91 xlO"* 0.34 -160.2
0.34 X 10® 0.91 xlO"* 0.37 -157.9
3.85x10® 0.91X 10"* 0.43 -154.3
0.43 X 10® 0.90X 10"* 0.48 -150.6
0.49 X 10® 0.90X 10"* 0.54 -145.3
0.55 X 10® 0.90X 10'"* 0.61 -140.0
0.61 X 10® 0.89x10"* 0.68 -135.3
0.66 X 10® 0.89x10"* 0.75 -131.4
0.72 X 10® 0.89 X 10"* 0.82 -128.2
0.78 X 10® 0.88 X 10"* 0.88 -125.7
0.84 X 10® 0.88 X 10"* 0.95 -123.7
0.89 X 10® 0.88 X 10"* 1.02 -122.2
0.95 X 10® 0.87 X 10"* 1.09 -121.9
1.00 X 10® 0.87x10"* 1.16 -119.2
1.06x10® 0.87 X 10"* 1.22 -118.8
1.17x10® 0.86 X 10"* 1.36 -117.2
1.17x10® 0.86 X 10"* 1.36 -117.2
1.22 X 10® 0.86 X 10"* 1.43 -116.7
1.27x10® 0.85 X 10"* 1.50 -116.2
1.33 X 10® 0.85 X 10"* 1.56 -115.8
1.38 X 10® 0.85 X 10"* 1.63 -115.4
1.43 X 10® 0.84x10"* 1.70 -115.1
1.48 X 10® 0.84 X 10'"* 1.77 -114.8
1.53 X 10® 0.83 X 10'"* 1.84 -114.6
1.59 X 10® 0.83 X 10'"* 1.90 -114.4
1.65 X 10® 0.83 X 10"* 1.99 -114.4
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Table 3.2.14 Potentiometric titration data of sodium (as perchlorate) and 
Ag^2-PyrCalix[4] complex in MeCN at 298.15 K
[Na1
mol dm-3 moMm-’*"** lNa^/[2-PyiCalix[4]] E(mV)
0.03 X 0"* 8.26 X 10'^ 0.04 163.5
0.07 X 0'^ 8.24 X 10'^ 0.08 161.5
0 .0 1  X 0"* 8.22 X 10'^ 0 .1 2 159.5
0.13 X 0'^ 8 .2 0  X 10'^ 0.16 157.4
0.19 X 0*^ 8.17 X 10'^ 0.24 152.4
0.25 X 0"* 8.14x10'^ 0.31 147.9
0.35 X 0"* 8.09x10'^ 0.43 139.4
0.44 X 0"* 8.04x10'^ 0.55 131.9
0.53 X 0-^ 7.99 X 10'^ 0.67 126.2
0.62 X 0"* 7.94x10"^ 0.78 1 2 2 .8
0.71 X 0"* 7.89x10'^ 0.90 120.7
0.80 X 0-4 7.84 X 10'^ 1 .0 2 119.4
0.89 X 0'^ 7.80x10'^ 1.14 118.5
0.97 X O''* 7.75 X 10'^ 1.26 117.8
1.00 X 0"* 7.73 X 10'^ 1.31 117.7
1.06 X O’'* 7.70x10'^ 1.37 117.3
l.lO x O’'* 7.68 X 10'^ 1.43 117.1
1.14x 0"* 7.66x10'^ 1.49 116.8
1.18 X 0"* 7.64 X 10'^ 1.55 116.8
1.23 X 0-4 7.62 X 10'^ 1.61 116.7
1.27 X O''* 7.59x10'^ 1.67 116.5
1.31 X O''* 7.57x10'^ 1.73 116.5
1.35 X o '* 7.55 X 10'^ 1.79 116.3
1.39 X 0-4 7.53 X 10'^ 1.84 116.1
1.43 X 0-'* 7.51 X 10'^ 1.90 115.9
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Table 3.2.15 Potentiometric titration data of potassium (as perchlorate) and 
Ag‘^ 2-PyrCalix[4] complex and in MeCN at 298.15 K
[K l 
mol dm^
[2-PyrCalix[4]] 
mol dm^ [K^]/2-PyrCalix[4]] E(mV)
0.030 X 10-4 8.24x10-5 0.03 -167.00
0.050X 10-4 8.23 X 10-5 0.07 -166.40
0.80 X 10-4 8.22 X 10-5 0.10 -166.30
0.11x10-4 8.21 X 10-5 0.13 -166.10
0.13 X 10-4 8.21 X 10-5 0.16 -166.00
0.16 X 10-4 8.20 X 10-5 0.20 -165.90
0.19 X 10-4 8.19 X 10-5 0.23 -165.90
0.21 X 10-4 8.18 X 10-5 0.26 -165.90
0.24 X 10-4 8.17 X 10-5 0.30 -165.80
0.27 X 10-4 8.16 X 10-5 0.33 -165.60
0.30 X 10-4 8.16x10-5 0.36 -165.50
0.32 X 10-4 8.15 X 10-5 0.39 -165.40
0.35 X 10-4 8.14 X 10-5 0.43 -165.30
0.38 X 10-4 8.13 X 10-5 0.46 -165.30
0.43 X 10-4 8.12x10-5 0.53 -165.30
.0.51 X 10-4 8.09 X 10-5 0.63 -165.30
0.59 X 10-4 8.07 X 10-5 0.73 -165.00
0.67 X 10-4 8.04 X 10-5 0.83 -164.90
0.75x10-4 8.02 X 10-5 0.94 -164.20
0.83x10-4 7.99x10-5 1.04 -164.10
0.91 X 10-4 7.97x10-5 1.14 -163.80
0 .1 0 x 1 0 ^ 7.95 X 10-5 1.25 -163.50
1.07x10-4 7.92 X 10-5 1.35 -163.30
1.15x10-4 7.90 X 10-5 1.46 -163.10
1.23 x 10-4 7.88 X 10-5 1.56 -162.80
1.43 x 10-4 1.15 X 10-5 1.46 -163.10
1.53x10-4 1.23 X 10-5 1.56 -162.80
1.63x10-4 1.31x10-5 1.67 -162.60
1.73 x 10-4 1.39 X 10-5 1.78 -162.40
1.83 X 10-4 1.47 X 10-5 1.89 -162.10
1.96 X 10-4 1.58 X 10-5 2.03 -162.00
2.06x10-4 1.66 X 10-5 2.14 -161.70
2.16x10-4 1.74 X 10-5 2.25 -161.50
2.26 X 10-4 1.82 X 10-5 2.36 -161.40
2.37 X 10-4 1.90x10-5 2.48 -161.10
2.46 X 10-4 1.98x10-5 2.58 -161.00
2.56 X 10-4 2.06 X 10-5 2.70 -160.80
2.66 X 10-4 2.14x10-5 2.81 -160.80
2.76 X 10-4 2.20 X 10-5 2.92 -160.30
2.86 X 10-4 2.30 X 10-5 3.04 -160.20
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Table 3.2.16 Potentiometric titration data of rubidium (as perchlorate) and 
Ag^2-PyrCalix[4] complex in MeCN at 298.15 K
[Rb1 
mol dm^
[2-PyrCalix[4]] 
mol dm^
[Rb+]/[2-PyrCalix[4]] E(mV)
0.00 X 10"* 9.87 X 10-5 0.00 -181.00
0.13 X 10"* 9.79 X 10-5 0.14 -180.80
0.21 X 10"* 9.74 X 10-5 0.21 -180.80
0.32 X 10"* 9.67 X 10-5 0.33 -180.70
0.39 X 10-4 9.63 X 10-5 0.41 -180.60
0.46 X 10-4 9.58 X 10-5 0.48 -180.60
0.53 X 10-4 9.54x 1 0-5 0.56 -180.50
0.60 X 10-4 9.5 X 10-5 0.63 -180.50
0.70 X 10-4 9.44 X 10-5 0.74 -180.40
0.77 X 10-4 9.39 X 10-5 0.82 -180.40
0.90 X 10-4 9.31 X 10-5 0.97 -180.30
1.03 X 10-4 9.23 X 10-5 1 .1 2 -180.20
1.10 X 10-4 9.19 X 10-5 1.19 -180.10
1.21 X 10-4 9.11x10-5 1.33 -179.80
1.34 X 10-4 9.04 X 10-5 1.48 -179.70
1.41 X 10-4 8.99 X 10-5 1.57 -179.60
1.59x10-4 8.88 X 10-5 1.80 -179.50
1.65 X 10-4 8.84 X 10-5 1.87 -179.30
1.84 X 10-4 8.72 X 10-5 2.11 -179.20
1.9 X 10-4 8.68 X 10-5 2.19 -179.10
2.13 X 10-4 8.54 X 10-5 2.49 -178.80
2.29 X 10-4 8.44x10-5 2.72 -178.60
2.35 X 10-4 8.45 X 10-5 2.79 -178.60
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C.l Microcalorimeter titration data of 2-PyrCalix[4] with alkali
cations in acetonitrile at 298.15 K
Table 3.2.21 Microcalorimetrie titration data for the complexation of 
2-PyrCalix[4] with lithium (as perchlorate) in acetonitrile at 
298.15 K
Step Lf/2-PyrCalix[4] Qexp (J) Qcal (J) Qexp-Qcal (J)
1 0.08 -0.0015 -0.0020 -0.0043
2 0.17 -0.0019 -0.0020 -0.0047
3 0.25 -0.0018 -0.0020 -0.0018
4 0.33 -0.0016 -0.0020 -0.0034
5 0.41 -0.0021 -0.0020 -0.0016
6 0.50 -0.0023 -0.0019 -0.0031
7 0.58 -0.0018 -0.0019 -0.0010
8 0.66 -0.0025 -0.0019 -0.0057
9 0.75 -0.0018 -0.0018 -0.0000
10 0.83 -0.0016 -0.0017 -0.0001
11 0.10 -0.0009 -0.0007 -0.0002
B 3.2.22 Microcalorimetrie titration data for the complexation 
2“PyrCalix[4] with sodium (as perchlorate) in acetonitrile at 298.1
Step Na+/2-PyrCalix[4] Qexp (J) Qcal (J) Qexp-Qcal (J)
1 0.09 -0.0021 -0.0022 0.0000
2 0.17 -0.0018 -0.0021 -0.0003
3 0.26 -0.0019 -0.0021 -0.0002
4 0.34 -0.0025 -0.0021 0.0004
5 0.51 -0.0023 -0.0021 0.0002
6 0.59 -0.0020 -0.0020 0.0000
7 0.69 -0.0019 -0.0019 0.0000
8 0.77 -0.0020 -0.0017 0.0003
9 0.86 -0.0011 -0.0015 0.0004
10 1.03 -0.0005 -0.0007 -0.0002
11 1.11 -0.0005 -0.0004 0.0000
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Table 3.2.23 Microcalorimetrie titration data for the complexation of 
2-PyrCalix[4] with potassium (as perchorate) in acetonitrile at 
298.15 K
Step KV2-PyrCalix[4] Qexp (J) Qcal (J) Qexp-Qcal (J)
1 0.17 -0.00004 -0.0004 00000
2 0.25 -0.0005 -0.0004 0.0001
3 0.33 -0.0003 -0.0004 -0.0001
4 0.42 -0.0004 -0.0004 0.0000
5 0.59 -0.0003 -0.0003 0.0000
6 0.67 -0.0004 -0.0003 -0.0001
7 0.84 -0.0003 -0.0003 0.0000
8 0.92 -0.0002 -0.0003 0.0000
! 3.2.24 Microcalorimetrie titration data for the complexatio 
2-PyrCalix[4] with rubidium (as perchlorate) in acetonitr 
298.15 K
Step Rb/2-PyrCalix[4] Qexp (J) Qcal (J) Qexp-Qcal (J)
1 0.08 -0.0005 -0.0003 0.0001
2 0.17 -0.0000 -0.0003 -0.0002
3 0.26 -0.0005 -0.0003 0.0002
4 0.35 -0.0000 -0.0003 -0.0018
5 0.44 -0.0002 -0.0003 -0.0001
6 0.53 -0.0003 -0.0003 0.0000
7 0.88 0.0000 -0.0002 -0.0001
8 0.10 0.0000 -0.0002 -0.0001
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C.2 Microcalorimeter titration Data of 2-PyrCaIix[4] with alkali 
cations in benzonitrile at 298.15 K
Table 3.2.25 Microcalorimetrie titration data for the complexation 
2-PyrCalix[4] with lithium (as perchlorate) in benzonitrile at 
298.15 K
Step LiV2-PyrCalix[4] Qexp (J) Qcal (J) Qexp-Qcal (J)
1 0.08 -0.0048 -0.0047 0.0001
2 0.16 -0.0049 -0.0047 0.0002
3 0.25 -0.0049 -0.0047 0.0002
4 0.33 -0.0048 -0.0046 0.0002
5 0.41 -0.0045 -0.0046 -0.0001
6 0.50 -0.0047 -0.0046 0.0001
7 0.58 -0.0044 -0.0045 -0.0001
8 0.66 -0.0045 -0.0044 0.0001
9 0.74 -0.0042 -0.0042 0.0000
10 0.82 -0.0039 -0.0039 0.0000
11 0.91 -0.0037 -0.0034 0.0003
12 1.10 -0.0020 -0.0027 -0.0007
13 1.15 -0.0007 -0.0019 -0.0012
! 3.2.26 Microcalorimetrie titration data for the complexation 
2-PyrCalix[4] with sodium (as perchlorate) in benzonitrile at 298.1
Step NaV2-PyrCalix[4] Qexp (J) Qcal (J) Qexp-Qcal (J)
1 0.07 -0.0030 -0.0028 0.0002
2 0.14 -0.0029 -0.0028 0.0001
3 0.21 -0.0028 -0.0028 0.0000
4 0.37 -0.0028 -0.0028 0.0000
5 0.34 -0.0027 -0.0027 0.0000
6 0.41 -0.0027 -0.0027 0.0000
7 0.48 -0.0027 -0.0027 0.0000
8 0.55 -0.0026 -0.0026 0.0000
9 0.62 -0.0025 -0.0025 0.0000
10 0.69 -0.0021 -0.0024 -0.0003
11 0.75 -0.0023 -0.0023 0.0000
12 0.82 0.0024 0.0021 0.0003
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Table 3.2.27 Microcalorimetrie titration data for the complexation of 
2-PyrCalix[4] with potassium (as perchlorate) in benzonitrile at 
298.15 K
Step KV2-PyrCalix[4] Qexp (J) Qcal (J) Qexp-Qcal (J)
1 0,09 -0.0021 -0.0010 0.0011
2 0.18 -0.0001 -0.0010 -0.0001
3 0.28 -0.0012 -0.0009 0.0003
4 0.38 -0.0010 -0.0008 0.0002
5 0.47 -0.0007 -0.0008 -0.0001
6 0.56 -0.0008 -0.0007 0.0001
7 0.66 -0.0005 -0.0006 -0.0001
8 0.75 -0.0005 -0.0006 -0.0001
9 0.85 -0.0004 -0.0005 -0.0001
10 0.94 -0.0005 -0.0005 0.0000
11 1.03 -0.0006 -0.0005 0.0001
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APPENDIX D:
X-RAY STRUCTURE
D .l Sodium 2-PyrCalix[4] complex in acetonitrile
Table 3.2.29 Bond distances (Â) and angles (degrees) for Na"^  in sodium p-tert- 
butyl [25^6,27-28-tetialds-(2-pyiidyl methyl) oxy] calix[4]arene mono- 
acetonitrile perchlorate complex.
Bonds distances
Na(A)-0(lA) 2.452(8)
Na(A)-N(lA) 2.66(2)
Na(B)-0(lB) 2.452(9)
Na(B)-N(lB) 2.70(2)
Na(C)-0(lC) 2.458(8)
Na(C)-N(lC) 2.460(1)
Na(C)-N(lD) 2.548(8)
Na(C)-N(lD) 3.110(1)
Bond angles
0(lA )-Na(A )-0(lA ) #1 80.1(2)
0(lA )-Na(A)-0(lA) #2 131.1(5)
0(lA)-Na(A)-N(lA) #1 82.10(4)
0(lA)-Na(A)-N(lA) #2 154.1(4)
0(lA)-Na(A)-N(lA) #3 125.7(4)
0(lA)-Na(A)-N(lA) 63.0(4)
N(lA)#l-Na(A)-N(lA) 73.2(4)
N(lA)#2-Na(A)-N(lA) 114.9(9)
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0(lB)#4-Na(B)-0(lB) 80.4(3)
0(lB)-Na(B)-N(lB)#5 125.8(4)
0(lB)-Na(B)-0(lB)#6 131.8(7)
0(lB)-Na(B)-N(lB)#4 81.6(4)
0(lB)-Na(B)-N(lB)#6 153.8(4)
0(lB)-Na(B)-N(lB) 62.7(4)
N(lB)#4-Na(B)-N(lB) 73.2(5)
N(lB)#6-Na(B)-N(lB) 115.0(1)
0(1C)-Na©-0(1D) 77.2(3)
0(lC)-Na(C)-0(lD)#7 130.7(6)
0(lC)-Na(C)-0(lD)#7 83.7(3)
0(lC)-Na(C)-0(lD)#7 133.3(6)
N(lC)-Na(C)-N(lD) 76.8(3)
N(lD)#7-Na(C)-N(lC) 96.8(6)
N(1D)-Na-N(1D)#7 128.3(3)
N(lC)-Na-N(lD)#7 69.3(3)
0(lC)-Na(C)-N(lC) 69.9(3)
0(lC)-Na(C)-N(lD) 177.7(3)
0(lC)-Na(C)-N(lC)#7 154.0(4)
0(lC)-Na(C)-N(lD)#7 125.3(4)
0(lD)-Na(C)-N(lC) 86.8(3)
0(lD)-Na(C)-N(lD) 58.8(3)
0(lD)-Na(C)-N(lC)#7 125.7(3)
0(lD)-Na(C)-N(lD)#7 150.1(4)
^Synniietiy ti'ansformations used to generate equivalent atoms: 
(#1) -y,x,z; (#2) -x,-y,z; (#3) y,-x,z; (#4) -y,x+l,z;
(#5) y-l,-x,z; (#6) -x-l,-y+l,z; (#7) -x,-y+l,z
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D,2 Silver 2-PyrCalix[4] complex in acetonitrile
Table 3.2.31 Interatomic bond distances (Â) and angles (deg) for silver 
2-Pyrcalix[4] perchlorate monoacetonitrile complex.“
Bonds Distances
Ag - 0(1) 2.923(3) C(8)-C(9) 1.533(8)
C(l)-0(1) 1.380(5 0 (1)-C(12) 1.432(5)
C(l)-C(6) 1.395(5) C(12)-C(13) 1.503(7)
C(l)-C(2) 1.398(5) C(13)-N(l) 1.328(7)
C(2)-C(3) 1.389(6) C(13)-C(14) 1.360(8)
C(3)-C(4) 1.392(6) C(14)-C(15) 1.358(10)
C(4)-C(5) 1.391(5) C(15)-C(16) 1.365(12)
C(4)-C(8) 1.532(6) C(16)-C(17) 1.350(11)
C(5)-C(6) 1.392(6) C(17)-N(l) 1.347(7)
C(6)-C(7) 1.518(5) C(18)-N(2) 1.150(2)
C(7)-C(2)#l 1.516(5) C(18)-C(19) 1.430(2)
C(8)-C(10) 1.502(7)
Bond Angles
Cl -0(2) 1.359(8)
N(l)-Ag-N(l)#l 83.16(7) C(10)-C(8)-C(4) 110.4(4)
N(l)-Ag-N(l)#2 139.6(2) C(ll)-C(8)-C(4) 113.3(4)
0(1)-Ag-0(1)#1 66.59(8) C(10)-C(8)-C(9) 107.9(6)
0(1)-Ag-0(1)#2 101.85(8) C(ll)-C(8)-C(9) 106.9(5)
0(1)-C(1)-C(6) 118.8(3) C(4)-C(8)-C(9) 109.2(4)
0(1)-C(1)-C(2) 120.4(3) C(l)-0(1)-C(12) 112.2(3)
C(6)-C(l)-C(2) 120.7(3) 0(1)-C(12)-C(13) 111.8(4)
C(3)-C(2)-C(l) 118.1(3) N(l)-C(13)-C(14) 121.8(5)
C(3)-C(2)-C(7)#3 119.5(3) N(l)-C(13)-C(12) 117.8(5)
C(l)-C(2)-C(7)#3 122.3(3) C(14)-C(13)-C(12) 120.3(5)
C(2)-C(3)-C(4) 123.0(4) C(15)-C(14)-C(13) 120.6(7)
C(5)-C(4)-C(3) 116.7(4) C(14)-C(15)-C(16) 117.8(8)
C(5)-C(4)-C(8) 122.5(4) C(17)-C(16)-C(15) 119.7(7)
C(3)-C(4)-C(8) 120.8(4) N(l)-C(17)-C(16) 122.5(7)
C(4)-C(5)-C(6) 122.6(4) C(13)-N(l)-C(17) 117.6(5)
C(5)-C(6)-C(l) 118.4(3) C(13)-N(l)-Ag 121.7(3)
C(5)-C(6)-C(7) 119.9(3) C(17)-N(l)-Ag 120.7(4)
C(l)-C(6)-C(7) 121.7(3) N(2)-C(18)-C(19) 180.0(3)
C(2)#l-C(7)-C(6) 111.3(3) 0(2)-Cl-0(2)#4 109.8(5)
C(10)-C(8)-C(ll) 109.0(5) 0(2)-Cl-0(2)#5 108.8(10)
^Symmetry transformations used to generate equivalent atoms: 
(#1) -y+l/2,x,z; (#2)-x+l/2,-y+l/2,z; (#3) y,-x+l/2,z;
(#4) -y+l,x-l/2,-z; (#5) -x+3/2,-y+l/2,z
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